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Theoretical studies of single-walled carbon nanotubes (SWNT) were based on density 
functional theory (DFT) using Dmol3 and CASTEP codes available from Accelrys Inc. The 
structural, electronic and optical properties of ultra-small 4Å single-walled nanotubes were 
investigated for (3,3), (4,2) and (5,0) nanotubes. Ab initio calculations were also performed for 
various nitrogen-containing SWNTs. Structural deformations, electronic band structures, density 
of states, and ionization potential energies are calculated and compared among the different types 
of nitrogenated SWNTs. The electronic properties and chemical reactivity of bamboo-shaped 
SWNTs were studied for (10,0) and (12,0) nanotubes. DFT calculation also showed that the 
pentagon defects of the bamboo-shape possess high chemical reactivity, which is related to the 
presence of localized resonant states. The Universal forcefield was applied to model H2 
physisorption of carbon nanotube bundles. The Metropolis Monte Carlo simulations were also 
conducted to estimate the H2 uptakes of SWNT bundles at 300K and 80K. 
Single-walled and multi-walled carbon nanotube powders were synthesized via 
decomposition of methane over cobalt-molybdenum catalysts. A multi-step purification process 
was carried out to removal the impurities. Inorganic fullerenes such as TiO2-derived nanotubes 
and BN nanotubes were also synthesized using a hydrothermal and a catalyzed mechno-chemical 
process respectively.  
Highly nitrogen-doped (CNx) multi-walled carbon nanotubes have been synthesized by 
pyrolysis of acetonitrile over cobalt-molybdenum catalysts. Raman, XPS-UPS and x-ray 
absorption techniques were employed to elucidate the changes in the electronic structures of 
carbon nanotubes caused by the nitrogen dopants. The enrichment of π electron in CNx carbon 
nanotube enhances its ultrafast saturable absorption, which suggests that CNx nanotubes can be 
used as saturable absorber devices. 
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ABSTRACT 
The ever increasing demand for energy and depleting fossil fuel supply have triggered a 
grand challenge to look for technically viable and socially acceptable alternative energy sources. 
Hydrogen as an alternative energy has stand out among the proposed renewable and sustainable 
energy sources, because it is relatively safe, easy to produce, and non-polluting when coupled 
with fuel cell technology. The synthesis and application of advanced nano-materials offer new 
promises for addressing the H2 energy challenge. Various carbon nanotubes, boron nitride 
nanotubes and TiO2 nanotubes were tested for hydrogen storage. The hydrogen storage properties 
of these nano-materials were studied using pressure-composition (P-C) isotherms, temperature-
programmed desorption (TPD), FTIR and N2 adsorption isotherms at 77K (pore structure 
analysis). 
Palladium nanoparticles were electrodeposited onto Nafion-solublized MWNT forming a 
novel Pd-Nafion-MWNT hybrid. In addition, a quick and easy pre-treatment was proposed to 
functionalize CNT with oxygen-containing functional groups using critic acid. Gold nanoparticles 
were beaded onto the sidewall of these critic acid-modified CNTs, which were subsequently 
attached with thiolated oligonucleotides. Electrochemical glucose biosensor and genosensor 
based on nanoparticle-CNT hybrids were fabricated with good working performance. 
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Chapter 1. Introduction 




The study of one-dimensional carbon nanotube (CNT) is greatly motivated by its unique 
properties that make them an interesting and potentially useful material. Carbon nanotubes have a 
wide range of potential applications, which include energy and data storage, chemical sensors, 
novel electronic devices, and reinforcing agents (see Chapter 2, page 11). A comprehensive study 
of carbon nanotube syntheses and characterizations become important steps in order for its 
applications to become viable. Designing CNT-based materials and devices often requires the 
control of properties of carbon nanotubes. In particular, modification of carbon nanotubes is 
desirable so that its properties can be tuned specifically for an application. Strategies to modify 
the properties of carbon nanotubes include sidewall covalent chemistry, substitutional doping 
with nonmetals (e.g. boron and nitrogen atoms), transition metal doping, alkali metal / halogen 
intercalation, adsorption of organic molecules, encapsulation of fullerenes and clusters, and 
topological defects of the carbon network1. For examples, pristine carbon nanotubes are 
hydrophobic and it does not disperse in organic solvents and water but sidewall functionalization 
of CNT renders it soluble in organic solvents and water. CNT solutions can be made into 
transparent thin film electrodes with electrical conductivity comparable to indium tin oxide (ITO) 
film electrodes2. The work function of carbon nanotube is reduced upon alkali-metal 
intercalations and this is beneficial to field emission. Indeed Wadhawan et al.3 reported that the 
turn-on field for the field emission of Cs-intercalated CNT bundles is reduced by a factor of 2.1-
2.8 while the emission current is enhanced by 6 orders of magnitude. As illustrated by these 
examples, the study of modified carbon nanotubes is an important step toward its application. 
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Hence, with these motivations, the modifications and applications of carbon nanotubes were 
conducted in this thesis.  
 
1.2. Objectives 
In the present thesis pristine carbon nanotubes including single-walled CNT (SWNT) and 
multiwalled CNT (MWNT) were synthesized and studied in details.  More importantly, 
modifications of CNTs have been conducted to understand and compare their properties with 
pristine carbon nanotubes to explore the possible applications. These include: 
a) Nitrogen doping to modify the electronic and optical properties of carbon nanoubes. The 
application of nitrogen-doped carbon nanotube as ultrafast saturable absorber is explored. 
b) Potassium hydroxide activation to modify the pore structures of carbon nanotubes.  The 
application of KOH-activated CNTs and N-doped CNTs for hydrogen storage is studied.  
Two nanostructured inorganic fullerenes: TiO2 and BN nanotubes have also been 
synthesized and investigated.  They have shown better H2 storage than carbon nanotubes. 
c) Decoration of carbon nanotubes with metallic nanoparticles and enzymes, for the 
application of these CNT/metal hybrids as biosensors. 
d) Functionalization of carbon nanotubes to modify their chemical properties.  The 
functionalized CNTs become soluble in organic solvents or water. An interesting 
phenomenon of self-diffraction was observed for the CNTs dissolved in toluene.  
e) Growth of vertically aligned CNTs for microelectronic interconnect application  
 
Besides experimental study of carbon nanotubes’ modification and application, modeling 
of modified single-walled carbon nanotubes was also carried out using ab initio methods. These 
theoretical studies are focused on the simulation of fundamental properties of the SWNTs, 
including the electronic density of states and band structures, optical spectra, defect structures, 
and H2 storage etc.  They include: 
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a) A first-principles study of ultra-small (diameter ~4Å) single-walled carbon nanotubes 
within DFT framework. The study of these 4Å nanotubes was chosen because its 
properties are markedly different from larger diameter nanotubes (diameter ~10Å and 
above). The effects of Stone-Wales defects on the electronic properties of 4Å carbon 
nanotubes are also investigated. 
b) A first-principles study of various nitrogenated single-walled carbon nanotubes. This 
theoretical study of nitrogenated SWNTs is to complement the experimental studies and 
provide atomistic insights into the effect of nitrogen dopants on the electronic, magnetic, 
optical and field-emission properties of SWNT.  
c) A first-principles study of bamboo-shaped SWNTs to understand their electronic 
properties and chemical reactivity.  
d) A Universal forcefield (UFF) study of the H2-SWNT interactions, which involves a 
Lennard-Jones potential to account for van der Waals interactions. Monte Carlo 




Single-walled and multi-walled carbon nanotubes were synthesized via decomposition of 
CH4 over cobalt-molybdenum catalysts. The as-synthesized carbon nanotubes were purified using 
a 5-step purification process. Vertically aligned carbon nanotubes (both MWNT and SWNT) 
were synthesized on patterned Fe catalysts on silicon substrates, using plasma-enhanced chemical 
vapor deposition method. TiO2-derived nanotubes and BN nanotubes were synthesized using a 
hydrothermal and catalyzed mechano-chemical method respectively. These nano-materials were 
characterized using a wide range of methods: electron microscopes, photoelectron spectroscopy, 
Raman and Fourier-transform Infrared spectroscopies, x-ray absorption spectroscopy, x-ray 
diffraction, therma-gravimetric analysis, and nitrogen adsorption isotherm at 77K.  
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Ab initio calculations of SWNTs were conducted using various modules available in the 
commercial software, Materials Studio (Accelrys Inc). Specifically, density functional theory 
(DFT) calculations were performed with DMol3 and CASTEP modules. The Forcite module and 
Universal forcefield were used for molecular mechanics calculations. Monte Carlo simulations 
were carried with Sorption modules and Universal forcefield.  
 
1.4. Thesis outline 
 Chapter 1 presents the motivation, scope, objectives and methodologies of the thesis. The 
properties and potential applications of SWNTs which have been reported in literature were 
briefly reviewed in Chapter 2, the literature background. The results of my theoretical studies of 
single-walled carbon nanotubes are collected in Chapter 3. Chapter 4 describes the synthesis, 
characterizations and formation mechanism of pristine carbon nanotubes using chemical vapor 
deposition. Chapter 5 studies the growth of vertically aligned carbon nanotubes (VACNTs), using 
plasma-enhanced chemical vapor deposition, and their potential application as microelectronic 
interconnect. Chapter 6 investigates experimentally the modification of CNT by nitrogen-dopants 
carbon nanotubes and how this affects its electronic and optical properties. The pore structure 
modification of carbon nanotubes and its hydrogen storage are described in Chapter 7. The 
kinetics and mechanism of H2 adsorption on modified carbon nanotubes, TiO2 and BN nanotubes 
are also presented in this chapter. Chapter 8 is devoted to the studies of the CNT / nano metal / 
enzymes hybrid and its application as biosensors. Chapter 9 focuses on hydroxyl (-OH) and 
octadecylamine (CH3(CH2)17NH2, -ODA) functionalized carbon nanotubes.  Chapter 10 gives the 
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2.1. Fundaments of single-walled carbon nanotubes 
Since S. Iijima1 reported the observation of multi-walled carbon nanotubes (MWNT) in 
arc discharge soot, tremendous amounts of research had focused on the synthetic methods, 
characterizations, formation mechanism, chemical modifications and potential applications2-6. 
The synthesis of single-walled carbon nanotube (SWNT) was demonstrated via a laser ablation 
technique7. Thus the molecular SWNT is considered as a new advanced form of carbon and a 
sister material of C60. Carbon nanotube has also been considered as a distinct form of carbon 
allotrope such as graphite and diamond. This is followed by the emergence of other fascinating 
nanostructured carbon such as nanoscrolls8, nanohorns9, nanowalls10, nanoballs11 and nanograhite 
ribbons12. 
A single-walled carbon nanotube can be visualized as a cylindrically folded and seamless 
graphene sheet. High-resolution transmission electron microscopy (TEM) and scanning tunneling 
microscopy1,13 (STM) provide direct experimental evidence that the nanotubes are seamless 
cylinders derived from a honeycomb lattice of carbon. The unusual properties of SWNTs arise 
from the strong covalent C-C bonds, a unique one-dimensional structure and nanometer-size. 
These properties include a high axial Young’s modulus, high thermal conductivity, the presence 
of hollow structures that can be used as nanosized test tubes and ultrafiltration membranes, and 
electronic conductivities that vary from metallic to semiconducting. Metallic SWNTs are model 
systems for studying rich quantum phenomena such as ballistic transoport14, single-electron 
charging15, Luttinger liquid16, weak localization and quantum interference17. Semiconducting 
SWNTs have been employed to fabricate nanotube-based electronics such as transistors and 
logic18-20, memory and sensory devices21-23.  
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The structure of a SWNT is suitably explained by the vectors Ch and T in Figure 2.1. The 
circumference of any SWNT is expressed in terms of the chiral vector Ch = nâ1 + mâ2, which 
connects two crystallographically equivalent sites on the 2D graphene sheet (see Figure 2.1a). 
The pair of integers (n,m) uniquely specify the chiral vector for the construction of SWNT. Figure 
2.1a shows the chiral angle θ between the chiral vector Ch and the ‘zigzag’ direction (θ =0), and 










Figure 2.1. (a) Definition of chiral vector, Ch, in a hexagonal lattice of carbon atoms by unit 
vectors â1 and â2, and chiral angle θ with respect to the zigzag axis (i.e. θ=0). (b) Possible vectors 
specified by pairs of integers (n,m) for general CNTs. A solid point represents metallic nanotube 
and an open circle represents semiconductor nanotubes. The condition for the metallic nanotube 
is: 2n+m=3q (q: integer), or (n-m)/3 is integer. 
 
 
Figure 2.1b illustrates three distinct types of nanotubular structures that can be 
constructed by rolling up the graphene sheet into a cylinder. The zigzag and armchair nanotubes 
correspond to chiral angles of θ=0 and 30o respectively. For 0<θ<30o, the nanotubes are called 
chiral nanotubes. The translation vector T is obtained from the intersection with the first lattice 
point of the honeycomb lattice. The unit cell of the 1D lattice is the rectangle defined by the 
vectors Ch and T. 
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Multi-walled carbon nanotubes contain several coaxial cylinders, each cylinder being a 
single-walled carbon nanotube. The interlayer spacing of MWNTs is ~0.34nm, which is very 
close to that of graphite. Both experimental8a and theoretical considerations8b have also supported 
a scroll structure as an alternative structure of MWNT. The indexing of SWNTs has been 
extended to other tubular structures such as BC3, BC2N, CN, C3N4 and Si nanotubes24-27. The 
nomenclature is similar to that of carbon nanotubes. 
Figure 2.2 shows the electronics density of states for a 3D (e.g. bulk graphite (semi-
metallic)), 2D (e.g. graphene sheet), 1D (e.g. nanotube / nanowire) and 0D (e.g. C60 / quantum 
dots) entities. Figure 2.2 clearly demonstrates that the electronic properties of nanostructured 
materials are fundamentally different from its bulk counterparts, which are mainly due to the 
reduced dimensionality. The unique electronic properties of nanostructured materials can be 





Figure 2.2. Typical density of states (DOS) for 3D, 2D, 1D and 0D entities. 
 
 
M. S. Dresselhaus and co-workers29 have employed a simple tight binding calculation to 
elucidate the electronic properties of SWNTs with different chiralities and diameters. Figure 2.3 
shows the calculated density of states (DOS) for various zigzag, armchair and chiral nanotubes by 
the tight binding methods30. For pedagogic purposes, I have selected a few examples to illustrate 
the geometry-dependent properties of SWNTs. 
In general the electronic structures of SWNTs possess spike-like electronic density of 
states (known as von Hove Singularities). This strongly implies that optical transitions between 
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these spike-like states are very likely to occur (at least for the first and second von Hove 
Singularities). Indeed, optical absorption31 (from ~1400nm-400nm), resonance Raman 
scatterings32, and photoluminescence spectroscopy33 (for semiconducting tubes) of SWNTs have 
been studied and ascribed to the transition between these von Hove Singularities. 
 











Figure 2.3. Electronic density of states column (a) armchair nanotubes, (b) zigzag nanotubes, and 
(c) chiral nanotubes calculated by tight binding theory30. 
 
 
For armchair (m,m) nanotubes, tight binding calculations reveal that the electronic 
density of states (DOS) at the Fermi level is finite, which is due to the crossing of two 1D energy 
bands at degenerate points of the 2D graphite energy band structure. An expanded view of 
(10,10) nanotube shows that the DOS is finite at the Fermi level (Figure 2.3 column (a), top most 
panel), and therefore the electronic properties of armchair nanotubes are expected to be metallic.   
On the basis of Figure 2.3b, in contrast, zigzag (m,0) nanotubes (m is not divisble 3) have 
empty DOS at the Fermi level, and these nanotubes (e.g. (5,0) and (11,0)) are semi-conducting in 
National University of Singapore 9
Chapter 2. Literature Background 
nature. While for zigzag (n,0) nanotubes (n is divisible by 3) the DOS at the Fermi level is finite 
and therefore this types of zigzag nanotubes (e.g. (9,0)) are metallic in nature. 
For chiral nanotubes (m,n) (m≠n and (m-n) is not divisble by 3) the DOS at the Fermi 
level is empty and therefore these nanotubes (e.g. (6,5) and (10,9)) are semiconducting. For chiral 
nanotubes (m,n) (m≠n and (m-n) is divisble by 3) the DOS at the Fermi level is finite and 
therefore these nanotubes (e.g. (8,5)) are metallic. Upon closer inspection, the first and second 
von Hove Singularities of (8,5) nanotube are very close together, compared to the DOS of (9,0) 
and (10,10) nanotubes. Detailed Raman experiments have shown that for these metallic chiral 
nanotubes the characteristic radial breathing mode (RBM) split into a slightly higher and lower 
frequency (see Chapter 4, Figure 4.8, Page 113 and ref [32]). Thus SWNT provide a real physical 
system for the study of effects of reduced dimensionality. 
Within tight binding scheme, it was found that armchair nanotubes (m,m) and zigzag 
(n,m) with n-m being a multiple of 3 are metallic. This relation is known as the 1/3 rule. The band 
gap of the remaining 2/3 semiconducting nanotubes is inversely proportional to the diameter of 
the nanotube. In other words, the smaller diameter nanotubes possess a larger band gap 
(compared to the band gaps of (5,0) and (11,0) nanotubes, Fig 2.3b). The simple tight binding 
scheme, which considers 2pπ-electrons only, works reasonably well for nanotubes with an 
average diameter of 10Å or greater, and the effect of σ-π hybridization is not taken into 
consideration. Recent first-principles studies34 on ultra-small 4Å SWNTs (such as (4,2), (5,0), and 
(3,3) nanotubes) showed that (5,0) is metallic instead of semiconducting as predicted by the tight 
binding scheme. The metallicity of (5,0) tubes is attributed to the σ* and π* mixing induced by the 
large curvature of the tube. Additionally, (4,2) tube possesses a small indirect band gap of 
~0.2eV, instead of the expected large direct band gap. Since the effects of σ-electrons are 
normally ignored for tight binding calculations, and therefore the theory fail to predict accurately 
the electronic properties of small radii nanotubes.  
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2.2. Potential applications of carbon nanotubes 
Fundamental properties of carbon nanotubes 
Table 2.1 summarizes the fundamental properties of carbon nanotubes which are relevant 
to technological applications. The outstanding electrical and thermal properties of carbon 
nanotubes immediately imply that CNTs are ideal candidates for future electronic devices and 
heat dissipaters. For example, the current density of CNT bundles is ~107A/cm2 which is superior 
to that of a copper wire of ~105A/cm2. The excellent mechanical properties and lightweight of 
carbon makes CNTs ideal candidates for reinforcement of various materials. Section 2.2 reviews 
major technological advances brought about by the studies and applications of carbon nanotubes. 
 
Table 2.1. Fundamental properties of carbon nanotubes as reported in literature [29]. 
Optical gap  
For (n, m); n-m is divisible by 3 [Metallic] 0eV 
For (n, m); n-m is not divisible by 3 [Semi-Conducting] ~0.5eV 
Electrical transport  
Conductance quantization n x (12.9kΩ)-1
Resistivity 10-4Ωcm 
Maximum current density 1013A/m2
Thermal transport  
Thermal conductivity (298K) ~2000W/mK 
Phonon mean free path ~100nm 
Relaxation time 10ps 
Elastic behavior  
Young’s modulus (SWNT) ~1TPa 
Young’s modulus (MWNT) 1.28TPa 
Maximum tensile strength 30GPa 
 
 
2.2.1. CNT-based electronic devices 
Future transistors involve the development of molecular electronics whereby the active 
components is composed of a single or a few molecules. The unique properties of single-walled 
carbon nanotubes are most suitable for the development of nano-transistors, particularly field-
effect transistors. In addition CNTs do not have interface states and can be integrated with high ε-
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dielectrics materials, in contrast to Si-SiO2 interface that needs passivation. The first fabrication 
of CNT-based field-effect transistors (CNTFETs)18,19 was reported in 1998 (see Fig 2.4, left 
panel), which involves a SWNT (or MWNT) bridging two electrodes acting as a source and a 
drain. The electrodes were deposited on a thick SiO2 gate on a doped Si wafer that acts as the 
back-gate. Avouris et al.18 of the IBM research division reported that these early CNTFETs 
behave as p-type FET in which the dominant carriers were holes and the ON/OFF current ratio 
was 105. However these early CNTFETs suffer parasitic contact resistance (≥1MΩ) and are far 
from being optimized. In 2006, Avouris and co-workers35 constructed an integrated logic circuit 
assembled on a single SWNT, which involved a 5-stage ring oscillator, and they demonstrated 
that SWNTs can be incorporated into electronic devices in similar fashion as silicon wafers are 
currently used. A ring oscillator is an ultimate test for new materials in high frequency ac 
applications and compatibility with conventional circuits. It is anticipated that SWNT FETs have 







Figure 2.4. (Left panel) Early fabrication of CNTFET devices18. (Right panel) A 5-stage 
complementary metal-oxide semiconducting (CMOS)-type ring oscillator built on a single 18µm-
long SWNT35. 
 
Another interesting molecular electronic device based on carbon nanotubes is the 
conceptualization and fabrication of nonvolatile random access memory (RAM) for molecular 
computing21. As shown in Figure 2.5, it consists of a suspended SWNT crossbar array for 
switching input and output signals with well-defined OFF and ON states. The crossbar array is a 
set of parallel SWNTs on a substrate and a set of perpendicular SWNTs suspended on supports. 
National University of Singapore 12
Chapter 2. Literature Background 
At each cross point in the array, the suspended SWNT can be in either the separated OFF mode or 
the ON mode in contact with the lower perpendicular SWNT. Voltage pulses can be used to 








Figure 2.5. (Left panel) A schematic view of a suspended SWNT crossbar array with support 
structures21. SWNT can be switched OFF / ON by charging it with electrostatic forces. (Right 
panel) Experimental switching of crossed SWNTs device21 between OFF and ON states with a 
resistance ratio ~10.  
 
 





Figure 2.6. (Left panel) Conventional “face-up” structure of a transistor chip wire-bonded to the 
circuit board and heat dissipation is simply due to contact. (Right panel) A “flip-chip” design 
adopted by Fujitsu, which incorporates CNT bumps to connect the transistor chip and the circuit 
board36.  
 
As the volume of information transmission continues to increase, higher power and 
higher frequencies in amplifiers used in mobile communication systems are much sought after. 
Heat dissipation for high power transistors, which is an output source for high-performance 
amplifier and generates high amount of heat, is a vital issue for performance. A “flip-chip” 
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structure, which connects the inverted transistor electrode and the package electrode with short 
metallic, bumps (made of gold or other metals) offers improved heat dissipation than the 
conventional “face-up structure” (see Fig 2.6). However, the use of high power amplification, the 
metallic bumps are still inadequate in dissipating high level of heat generated by high-power 
transistors. Fujitsu Limited and Fujitsu Laboratories Ltd36 have succeeded in the development of 
carbon nanotube-based heatsinks for semiconductor chips (see Fig 2.6). Taking advantage of the 
excellent thermal conductivity of CNT (~2000W/mK), such CNT heatsink is capable of 
achieving high-frequency high power amplification and heat dissipation simultaneously, which is 
vital for the realization of high-performance amplifiers with high frequency and power for next-
generation mobile communication systems. 
 
2.2.2. Spinning of CNT thread 
High quality and large quantity of carbon nanotubes can be synthesized quite easily using 
chemical vapor deposition (CVD) methods. However the lengths of the CNTs are usually tens of 
micrometers. Recently vertically aligned CNT with height of millimeters have been synthesized 
using plasma-enhanced CVD in the presence of very low concentration of oxygen-containing 
impurities such as H2O and O2 37. The role of these oxygen-containing impurities has been 
hypothesized to sustain the activity of the catalysts by etching away amorphous carbon, so that 
very long synthesis times are possible.  
Zhu et al.38 applied a floating catalyst CVD technique (ferroene + thiophene + n-hexane) 
to synthesize CNT and the resulting product contains centimeter-long CNT. Li et al.39 has also 
synthesized centimeter-long CNT using an unique winding geometry CVD chamber (see Fig 2.7), 
whereby the CNT thread is collected from the hot reaction zone using a rotating collector during 
the synthesis. The feedstock, a mixture of ferroene, thiophene and ethanol, is sprayed into the 
reaction zone. The winding geometry CVD offers the possibility of continuous spinning of 
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Figure 2.7. (Left panel) Schematic setup of the winding geometry CVD chamber used by Li et 
al.39 for spinning CNT thread. (Right panel) The CNT thread is composed of intertwined carbon 
nanotubes.  
 
The National Aeronautics and Space Administration (NASA) of the United States has 
awarded Rice university US$11 million contract to utilize carbon nanotube as electric power 
cable40. For an idealized CNT fiber assumed to consist of 1014CNT/cm2, the maximum current 
density of the CNT fiber is estimated to deliver 100 x 106A/cm2, with 5% tube-tube efficiency 
conduction, which is 100 times of the best low-temperature superconductors41. In addition, CNT 
fiber has negligible eddy current and is lightweight. Current power losses in transmission lines 
are about ~7%. If the power loss is cut by 1%, this will translate to an annual energy saving of 4 x 
1010KWh or an equivalent of 24 million barrels of oil per year. Thus the synthesis and utilization 
of ultralong CNT threads have tremendous technological impact. 
 
2.2.3. Carbon nanotube-polymer composites 
Qian et al.42 have shown that an addition of 1wt% CNT resulted in a 25% increase in the 
tensile strength of polystyrene-based composite film. Dalton et al.43 have successfully synthesized 
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100m long super-tough CNT composite (polyvinyl alcohol) fibers using an improved 
coagulation-based CNT spinning method, and also used these fibers to fabricate supercapacitors 
in the form of textiles (see Fig 2.8). The CNT composite fibers are ~50µm in diameter and 
compose of 60wt% of SWNTs with a tensile strength of 1.8Gpa, which matches that of spider 
silk. A comparison of the strength and failure strain for CNT composite fibers and 3000 materials 
in the database of Cambridge Materials Selector, indicates that the performance of CNT 
composite fibers are very promising and exceeds some the known materials in the database. Thus 








Figure 2.8. (Left panel) Comparison of strength and failure strain for various CNT-composite 
fibers and 3000 materials types in the Cambridge Materials Selector database43. (Right panel) A 
textile supercapacitor composed of 2 orthogonally directed CNT fibers. This CNT fiber 
supercapacitor provides a capacitance (5Fg-1) and energy storage density (0.6Whkg-1) that are 
comparable to commercial supercapacitor43. 
 
2.2.4. Field emission sources 
In the field of vacuum microelectronics, field emission (FE) is an attractive alternative to 
thermionic emission for electron sources. Field emission is a quantum effect. Under the influence 
of a sufficiently high electric field, electrons near the Fermi level can overcome the barrier energy 
to escape to the vacuum level. The emission current from a surface is determined by the well-
known Fowler-Nordheim equation: 
 
                                                                                                                                                     [2.1] )exp()exp( 2A
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where I is the current, V the applied voltage, d the spacing, φ  the work function, γ the 
effective emission area, β the enhancement factor, A and B are constants. 
 
Table 2.2. Comparison of threshold electric field values for different materials at 10mA/cm2 
current density44, 45. 
 
Materials Threshold electrical field (V/µm) 
Mo tips 50-100 
Si tips 50-100 
p-type semiconductor diamond 130 
Undoped, defective CVD diamond 30-120 
Amorphous diamond 20-40 
Cs-coated diamond 20-30 
Graphite powder (<1mm size) 17 
Nanostructured diamond (H2 plasma treated) 3-5 (unstable >30mA/cm2) 
Random SWNT film 1-3 (stable at 1A/cm2) 
 
Electron field emission materials have been widely studied for applications such as flat 
panel displays, electron guns in electron microscopes and microwave amplifiers. A current 
density of 1-10mA/cm2 and >500mA/cm2 are required for displays and microwave amplifiers 
respectively. Table 2.2 shows the threshold electric field values for 10mA/cm2 current density for 
different materials. Factors such as nanometer-size diameter, structural integrity, high electrical 







Figure 2.9. (Left panel) Randomly aligned CNT commercially available from Xintek 
Nanotechnology Innovations46. The inset shows bright and uniform emission sites by the CNT 
mats. (Right panel) Array of individual vertically aligned carbon nanofibers fabricated as a 
microwave diode47.  
 
National University of Singapore 17
Chapter 2. Literature Background 
Figure 2.9 (left panel) shows commercially available carbon nanotube field emitters from 
Xintek Nanotechnology Innovations46. These CNTs are randomly aligned, and exhibited low 
onset electric field (~1V/µm) and stable electron emission (~18hours at 3mA/cm2). The 
oscillatory electric field component of an electromagnetic radiation has recently been 
demonstrated to cause electron emission from array of individual vertically aligned carbon 
nanofibers47. Teo et al.47 has constructed a CNT-based microwave diode, whereby the field 
emission is driven by gigahertz (GHz) frequencies (see Fig 2.9 right panel). The performance of 
such carbon nanotube cathode is comparable to present-day microwave transmission devices.  
 
2.2.5. CNT-modified AFM tips 
An ideal AFM tip should have a high aspect ratio with 0o cone angle, smallest possible 
radius curvature and a well-defined reproducible molecular structure. In addition, it should be 
mechanically and chemically robust and stable in different working environments. Hence, carbon 
nanotube is the most promising candidate probe for AFM imaging. A carbon nanotube modified 
AFM probe can be fabricated using CVD techniques48. Using carbon nanotube probes, biological 
structures have been investigated in the fields of amyloid-beta protein aggregation and chromatin 
remodeling48. Furthermore, the unique tip-group chemistry of CNT has been applied for chemical 
force microscopy and allowed single-molecule measurements48. Figure 2.10 shows a CNT-







Figure 2.10. A CNT-modified AFM tip commercially available from nanoScience Instruments49. 
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2.2.6. Electrochemical applications 
Carbon is a widely used and preferred material for many electrochemical systems due to 
its rich surface chemistry, polymorphic structures, abundance (it is cheaper than metals) and good 
inertness in harsh acidic / alkaline media. Glassy carbon, carbon paste (crystalline graphite 
powder mixed with mineral oil and packed smoothly into a cavity), pyrolytic graphite, carbon 
felts and fibers are commonly used as laboratory electrodes. Carbon is also used as a support for 
electrocatalysts. Pt nanoparticles supported on carbon black are commonly used for fuel cell 
applications. Carbon materials are also employed as electrodes or as additive to enhance the 
electrical conductivity of electrodes in batteries. The electrochemistry of novel carbon materials 
such as nanostructured B-doped diamond, C60, and carbon nanotubes has also been widely 
studied. The use of CNT-based electrodes is particularly attractive, mainly due to the excellent 
electrical properties, faster electron transfer rate and suitable fabrication techniques (see Chapter 
8, page 227 for the application of nanoparticle-CNT bioelectrodes).  
 
2.2.7. Energy storage 
The unique tubular and bundle assembly of carbon nanotubes have been considered as 
very beneficial properties for energy storage. Specifically, the electrochemical lithium 
intercalations50 and hydrogen storage51 of carbon nanotubes are two important aspect of energy 
storage. For lithium or hydrogen storage, storage capacity can be augmented via the inter-shell 
van der Waals spaces, inter-tube channels and inner cavity of carbon nanotube, which has been 
proposed to be accessible for Li intercalation or H2 storage. Although carbon nanotubes as Li-ion 
battery shows higher capacity and high-rate performance than graphite, the presence of voltage 
hysteresis and occasional irreversible Li storage are still undesirable. The field of hydrogen 
storage of carbon nanotubes still remains active but controversial. A wide discrepancy has been 
reported for the H2 storage of carbon nanotube, reported values range from 65wt% to 0.1wt% 
storage51. Initial optimism about the high H2 storage of carbon nanotubes is probably due to poor 
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characterization of carbon nanotubes and lack of understanding fundamental gas-solid 
interactions of carbon nanotubes and hydrogen molecules (see Chapter 3.4 for theoretical and 
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The theoretical studies of carbon nanotubes were divided into the following sections: 
(3.1) First-principles study of ultra-small 4Å single-walled carbon nanotubes. (3.2) First-
principles study of nitrogenated single-walled carbon nanotubes. (3.3) First-principles study of 
carbon nanotubes with bamboo-shape and pentagon-pentagon fusion defects. (3.4) Molecular 
simulations of carbon nanotube-H2 interactions. Density functional theory (DFT) calculations 
were performed with Dmol3 and CASTEP codes, while molecular mechanics (MM) and 
Metropolis Monte Carlo calculations were carried out using Universal forcefield-based Forcite 
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3.1. First-principles study of ultra-small 4Å single-walled carbon nanotubes. 
Introduction 
The classifications of single-walled carbon nanotubes as metal or semi-conductors were 
given on the basis of how the underlying graphitic band structure is “folded” (zone-folding 
scheme) when one applies the nanotube’s azimuthal periodic boundary conditions. Early 
theoretical work1 showed that (n,m) nanotubes with n-m being a multiple of 3 are metallic. This 
relation is known as the 1/3 rule. The band gap of the remaining 2/3 semiconducting nanotubes is 
inversely proportional to the diameter of the nanotube. The hybridization of the graphitic σ, π, π*, 
and σ* states due to nanotube’s curvature was not fully appreciated, and the electronic states near 
the Fermi level were described mainly as π and π* states within the zone folding scheme. 
Recently, the synthesis of single-walled carbon nanotubes within the channels of zeolite2 (AlPO4-5 
crystal with inner diameters of 7.3Å) constraints the nanotube diameter distribution to around 4Å, 
and three nanotube chiralities are identified: namely (3,3), (5,0) and (4,2) nanotubes. These ultra-
small 4Å nanotubes are anticipated to possess properties which are markedly different from larger 
diameters (tens of angstrom) nanotubes. Below the temperature of 20K, these ultra-small 4Å 
nanotubes are reported to exhibit superconductivity behavior3. The extremely small radii of these 
nanotubes strongly suggest that simple zone-folding scheme, which ignores curvature effects and 
hybridization effects of σ and π, is inadequate to predict its electronic properties. Therefore, in 
this section 3.1 density-functional calculations are carried out to study the structural, electronic 
properties and optical properties of these ultra-small nanotubes. Currently there is a lack of report 
on these 4Å nanotubes with Stone-Wales defects, and therefore it would be interesting to study its 
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3.1.1. Computational methods 
All geometrical optimizations and subsequent single-point energy calculations of (3,3), 
(5,0) and (4,2) nanotubes were carried out using the Dmol3 code4. The generalized gradient 
approximation (GGA) proposed by Perdew, Burke and Ernzerhof (PBE)5 is used for the 
exchange-correlation energy. Although it is reported that PBE functional provides reasonable 
bond lengths in molecular systems and good lattice constants in bulk solids6, the geometrical 
optimizations of the nanotubes have also been carried out with other nonlocal functionals (e.g 
Perdew-Wang (PW91)7, Becke exchange plus Perdew correlation (BP)8, and Becke exchange 
plus Lee-Yang-Parr correlation (BLYP)9) available in the Dmol3 code (see Table 3.1). Geometry 
optimizations are performed with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with 
convergence criterion of 10-3 a.u. on gradient and displacement, and 10-5 a.u. on the total energy 
and electron density. The core treatment is performed with DFT semi-local pseudopotentials 
(DSPP), and the electronic wave functions are expanded in a double-numeric polarized (DNP) 
basis set truncated at a real space cutoff of 3.7Å. Integrations in k space were performed over 16 k 
points for (3,3) and (5,0) nanotubes and 3 k points for (4,2) nanotube in the kz direction. The unit 
cells of (3,3), (5,0) and (4,2) nanotubes contain 12, 20 and 56 carbon atoms respectively. A 
hexagonal lattice was used to simulate the single-walled nanotubes, with a wall-to-wall distance 
of at least 8Å, sufficient to avoid in-plane interactions between nanotubes in adjacent unit cells. 
The electronic properties of the fully relaxed 4Å nanotubes were compared with cylindrically 
folded (unrelaxed) nanotubes, which were generated by Materials Studios v4.0 software. 
The optical properties, density of states (DOS) and simulated scanning tunneling 
microscopic (STM) images of SWNTs were also studied using the CASTEP code (Cambridge 
serial total energy package)10, which is a plane-wave basis DFT pseudopotential method. The 
ionic potentials are described by the ultrasoft nonlocal pseudopotential proposed by Vanderblit11 
with energy cutoff of 310eV and the total energy was converged to 1×10-5eV/atom. The tunneling 
current is defined to first order as followed: 
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                                                                                                                                                     [3.1] 
 
where f(Eµ) is the Fermi function, V is the applied bias voltage, Mµν is the tunneling matrix 
element between states Ψµ of the probe and Ψν of the surface, and Eµ is the energy of the state Ψµ 
in the absence of tunneling. The tunneling matrix element Mµν is given by 
 
                                                                                                                                                     [3.2] 
 
where the integral is over any surface lying entirely within the vacuum (barrier) region separating 
two sides. The Tersoff-Hamann model, which neglects the actual geometry of the STM tip, is 
further used to simplify equation [3.1] for the tunneling current: 
 
                                                                                                                                                     [3.3] 
 
Therefore the tunneling current is simply proportional to the local density of states at EFermi and 
the position of the tip. The Tersoff-Hamann approximation reproduces the important features of 
most experimental STM images and it has been shown to be a very good estimate12. 
The structural and electronic properties of Stone-Wales (SW) defects (i.e. a pentagon-
heptagon pair defects, or simply 5775 defects formed by a bond rotation of π/2) in ultra-small 4Å 
nanotubes are also investigated. The armchair (3,3) and zigzag (5,0) tubes with SW-defects were 
described using supercell lengths of 12.25Å (60atoms/supercell) and 12.74Å (60atoms/supercell) 
respectively. A carbon nanotube (n,m) with a Stone-Wales defect is denoted with a “SW-“ prefix. 
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                          (a) (3,3)                                 (b) (5,0)                                  (c) (4,2) 
Figure 3.1. Stick-and-ball models of ultra-small 4Å nanotubes: (a) armchair (3,3), (b) zigzag 
(5,0) and (c) chiral (4,2). a, b and c represent the bond lengths of the carbon network while α, β, 
and γ are the bond angles. 
 
 
3.1.2. Structural Relaxation: Bond lengths & angles 
Figure 3.1 shows the schematic atomic arrangement (stick-and-ball models) of the 4Å 
nanotubes. The fully relaxed structural parameters for these nanotubes are summarized in Table 
3.1. The geometry optimizations of 4Å nanotubes using the PBE functional agree well with other 
nonlocal fuctionals, and therefore the following discussions are based on the results of PBE 
functional. In general, the radii of these relaxed ultra-small nanotubes are slightly larger (~3-4%) 
than the radii of the cylindrically folded nanotubes. The changes in the translational vectors 
(lattice constant) along the relaxed tubes axis are marginal with respect to the cylindrically folded 
nanotubes. After relaxation of the 4Å NTs, carbon bond a for (3,3) and (5,0) tubes, and bonds b 
and c for (4,2) tube (see Fig 3.1 and Table 3.1, which make the smallest angles with the tube axis) 
are changed the least with respect to the ideal tubes. The strained carbon bonds (bond b for (3,3) 
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and (5,0) tubes, and bond a for (4,2) tube) wrapping around the tube circumference are more 
affected by the curvature and elongated up to ~4%. This is due to the curvature effect that 
weakens the C-C bonds wrapping around the tube circumference. The alternation of bond angles 
is similar to that of bond lengths. The relaxed bond angles deviate ~0.5-1.8% from the ideal bond 
angles. The difference in bond angles is largest for the (5,0) tube and least for the (3,3) tube. 
 
 
Table 3.1. Geometrical parameters for the ideally rolled graphene sheet and for the relaxed 
configuration using different nonlocal functionals. The parameters are defined as in Fig 3.1. All 
length units are in angstrom. 
 
 Radius Lattice Constant a b c α β γ 
Ideal 2.03 2.45 1.413 1.386 - 115.6 120.3 - 
PBE 2.09 2.45 1.426 1.445 - 116.4 118.4 - 
PW91 2.09 2.45 1.426 1.445 - 116.3 118.5 - 
BLYP 2.11 2.46 1.429 1.452 - 116.4 118.1 - 
BP 2.10 2.46 1.427 1.446 - 116.4 118.4 - 









Ref 14 2.10 2.46 1.430 1.440 - - - - 
Ideal 1.95 4.25 1.415 1.398 - 120.4 110.2 - 
PBE 2.03 4.25 1.403 1.454 - 119.7 111.4 - 
PW91 2.03 4.25 1.404 1.452 - 119.7 111.2 - 
BLYP 2.04 4.26 1.403 1.459 - 119.5 112.0 - 
BP 2.04 4.25 1.402 1.453 - 119.7 111.3 - 







Ref 14 2.04 4.25 1.400 1.450 - - - - 
Ideal 2.07 11.30 1.389 1.415 1.410 113.3 120.4 118.1 
PBE 2.13 11.28 1.440 1.415 1.441 114.3 118.4 118.8 
PW91 2.13 11.28 1.440 1.415 1.440 114.2 118.5 118.8 
BLYP 2.14 11.28 1.448 1.417 1.444 114.5 118.2 118.7 
BP 2.14 11.27 1.441 1.416 1.441 114.3 118.4 118.8 












National University of Singapore 
 
29
Chapter 3. Theoretical studies of carbon nanotubes 
3.1.3. Electronic properties: Band structures and density of states 
Figure 3.2 shows the band structures and density of states (DOS) of the 4Å nanotubes. 
The electronic properties of both fully relaxed and cylindrically folded (unrelaxed) 4Å nanotubes 
are calculated using GGA-PBE functional. Zone-folding scheme predicts that (5,0) tubes to be 
semiconducting with a large energy gap. However an energy band  (labeled as λ in Fig 3.2) 
crosses the Fermi level and makes (5,0) metallic. The metallicity of (5,0) is due to the large 
tubular curvature which causes the σ* band to hybridize with the π* band. Blasé et al.15 has 
reported that as the diameters of zigzag nanotubes are reduced to as small as (6,0) nanotube 
(4.68Å), the degree of hybridization of the carbon π and σ orbitals becomes more pronounce as 
the tube curvature increases. Hence the effect of curvature which is neglected in the simple zone-
folding scheme becomes crucial in the study of very small diameter (~4-5Å) nanotubes. 
Furthermore (5,0) nanotube has a fairly large DOS (0.36states/eV/atom) at the Fermi level, which 
suggests that (5,0) might be a potential candidate for one-dimensional superconducting 
fluctuation14.  
Figure 3.2 shows that armchair (3,3) nanotube is metallic and the two bands crossing the 
Fermi level exhibit very little dispersion near the center zone. As shown in Figure 3.2 (right 
panel), the DOS of (3,3) at the Fermi level is about 0.06states/eV/atom. Yang et al.16 suggested 
that alkali-doped (3,3) nanotube might possess very high DOS at the Fermi level if the Fermi 
level is shifted to the sharp van Hove singularity at ~1.3eV (see Fig 3.2 right panel, label as ψ). 
These alkali-doped (3,3) tubes are anticipated to possess improved conductance and even 
superconductivity14,16. Our calculation shows that a chiral (4,2) nanotube is semiconducting with 
a small indirect energy gap of 0.2eV, while zone-folding scheme predicts a direct and wide 
energy gap of 1.8eV. The valence band maximum is located about 1/5 Γ X away from the Γ 
point, while the conduction minimum is located at the X point.  
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3.1.4. Optical properties of 4Å carbon nanotubes 
Figure 3.3 shows the computed optical properties of the 4Å nanotubes using the CASTEP 
code, along with the experimental optical adsorption spectra taken from ref [17]. The imaginary 
part of the dielectric constant (ε2) was calculated from 
 
                                                                                                                                                     [3.4] 
 
where û is the vector defining the polarization of the incident electric field. This expression is 
similar to the Fermi’s Golden rule for time-dependent perturbations, and can be considered as the 













Figure 3.3. (Left panel) Imaginary part (ε2) of the dielectric function for the tubes (3,3) (dotted 
lines), (5,0) (dashed lines) and (4,2) (solid lines) for light polarized parallel and perpendicular to 
the tube axes. ε2 are calculated with CASTEP code. (Right panel) Optical absorption spectra of 
4Å nanotubes embedded in zeolites. Taken from ref [17]. 
 
 
However the computation of optical properties using CASTEP code has several 
limitations. The level of approximation used in CASTEP ignores any local field effects that might 
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arise when the electric field experienced at a particular location in the system is screened by the 
polarizability of the system itself. In the absence of local field effects, excitonic effects are not 
treated in the present CASTEP formalism. Recent theoretical and experimental18 studies show 
that excitonic effects are important to the optical properties of carbon nanotubes. Nonetheless, 
within the limitations of CASTEP code, the computed optical properties of 4Å nanotubes can 
serve as useful approximations to understand the experimental optical absorption spectra. 
 Due to the anisotropy of the carbon nanotubes, the response of the dielectric function of 
the 4Å nanotubes is greatly dependent on the polarization of the incident light. As shown in 
Figure 3.3, in the parallel light polarization, the dominant absorption is within the 1-3.5eV 
regions, while in the perpendicular light polarization the absorption is extended to 5.5eV. The 
right panel of Figure 3.3 shows the experimentally polarized absorption spectra of 4Å nanotubes 
arrayed within one-dimensional channels of a zeolite crystal taken from ref [17]. Experimentally, 
there are 3 main absorption peaks for these 4Å nanotubes in the parallel light polarization (label 
as A, B and C). Li et al.17 observed a homogeneous decrease in the absorption intensity as the 
polarization angle is increased. This is attributed to the screening of the electric field 
perpendicular to the nanotube axis and it is also known as the depolarization effect19, which 
hinder the comparison of theoretical and experimental optical properties in the perpendicular light 
polarization. Therefore, the results are compared for the parallel light polarization.  
On the basis of Figure 3.3, the most dominant absorption peak of the (3,3) and (5,0) 
nanotubes are computed to be at ~2.8eV and 1.1eV. The (4,2) nanotube has two strong absorption 
peaks at ~1.7eVand 2.5eV respectively. Therefore the peak A is assigned as the optical 
absorption of (5,0) nanotube. The broad shoulder labeled as B in the absorption spectra is 
probably due to 2.4eV peak of (5,0), and 1.7eV and 2.5eV peak of (4,2). The peak C is identified 
as the 2.8eV peak of (3,3) nanotubes. Thus, within the approximation level of CASTEP code, the 
computed optical properties of the 4Å nanotubes give a reasonable agreement with the 
experimentally measured optical absorption spectra. 
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3.1.5. Effects of Stone-Wales defects on 4Å nanotubes 
Topological defects such as pentagon and heptagon rings, kinks or bents, junctions and 
impurities may be present in as-synthesized carbon nanotubes. These defects may significantly 
change the physical, chemical and mechanical properties of carbon nanotubes. The Stone-Wales 
(SW) defect is one of the most important defects in the CNT structures because it is proposed that 
SW-defects play a crucial role in the growth and subsequent annealing down to yield a 
structurally ordered ground state of the carbon nanotubes20. As shown in Figure 3.4a, a SW-defect 
is formed by a π/2 rotation of a C-C bond in the hexagonal network and resulted in a pentagon-
heptagon pair (or 5775 ring pair)21. The SW-defect could migrate along the structure and create 
dislocation centers in curved regions, which eventually lead to a closed nanostructure. The DOS 
of 4Å SW-nanotubes is computed for (3,3) and (5,0) tubes, and the DOS of a (5,5) SW-nanotube 
(diameter ~6.8Å) has also been computed and compared with the 4Å SW-nanotubes.  
Figure 3.4 also shows the relaxed structures of (5,5), (3,3) and (5,0) nanotubes with SW-
defects. The formation energy of a SW-defect (ESW) is determined as: ESW = E[SW-tube] - 
E[pristine tube]. The ESW for (5,5), (3,3) and (5,0) nanotubes are ~3.1eV, 3.4eV and 2.9eV 
respectively. The C1-C2 bonds (~1.29-1.40Å, see Fig 3.4b-d) of SW-nanotubes are shorter than 
the C-C bonds of pristine tubes, an indication of a rather localized C=C double bond. The local 
carbon skeletal of the 5775 defects of armchair nanotubes move toward the tubular center and it is 
nearly planar, while the C1-C2 bond of SW-(5,0) tube are moved slightly outwards. For defect-
free carbon nanotubes, the curvature-induced pyramidalization angles (PA) of the carbon atoms 
are ~5.7o, 9.8o and 10.5o for (5,5), (3,3) and (5,0) tubes respectively. However, the 
pyramidalization angles of C1 / C2 atoms of the 5775 defects are reduced to ~3.93o, 4.9o, and 6.8o 
for (5,5), (3,3) and (5,0) tubes respectively. Hence the reduction of a local curvature at the 5775-
defect is anticipated to significantly affect the electronic properties of carbon nanotubes, 
especially the 4Å nanotubes. 
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 (a)-0.65eV +0.65eV 
(5,5) tube with Stone-Wales defect 
-0.1eV +0.1eV 
) (b(3,3) tube with Stone-Wales defect 
 +0.3eV -0.3eV (c)(5,0) tube with Stone-Wales defect 
3.5. (Left panel) Density of states (DOS) and (Right panel) scanning tunneling 
pic (STM) images of (a) (5,5), (b) (3,3) and (c) (5,0) nanotubes with Stone-Wales 
Properties of (5,5), (3,3) and (5,0) nanotubes with SW-defects were calculated within 
 code. Solid line and dotted lines denote the DOS of the Stone-Wales and pristine states 
ely. 
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Figure 3.5 shows the DOS and STM images of the (5,5), (3,3) and (5,0) nanotubes with 
Stone-Wales defects. A pristine (5,5) nanotube possesses a relatively wide DOS plateau from 
about –1.5eV to 1eV. In the presence of a 5775 ring, two localized peaks appear at about –0.5eV 
and 0.7eV. The SW-defect induces these two quasibound states, which are located chiefly at the 
defect. The right panel of Fig 3.5a shows the STM simulations at different applied bias potential 
of ±0.1eV and ±0.65eV for the SW-(5,5) nanotube. The STM image of SW-(5,5) at bias ±0.1eV 
exhibits a localized image of a 5775 defect, and the STM image of the occupied states (-0.1eV) is 
similar to the STM image of unoccupied states (+0.1eV). However, at bias ±0.65eV, the STM 
image of SW-(5,5) is dependent on the polarity of the bias. This is because at bias ±0.65eV the 
STM simulation is probing close the quasibound states of the 5577 defect.  
Likewise the DOS of the pristine (3,3) nanotube has a plateau (from about –0.9eV to 
0.7eV) in the vicinity of the Fermi level. However, the DOS of SW-(3,3) nanotube is drastically 
changed (see Fig 3.5b). The DOS plateau of the pristine (3,3) is replaced by several quasibound 
states when a Stone-Wales defect is introduced into its carbon structure. The two quasibound 
states of SW-(3,3), which are closest to the Fermi level, are located at –0.1eV and 0.18eV. As 
shown in Figure 3.5b, the simulated STM images of SW-(3,3)  is also dependent on the applied 
bias voltage of ±0.1eV. For SW-(5,0) nanotube, a small gap is opened at 0.17eV and two 
quasibound states, which are closest to the Fermi level, are located at about –0.26eV and 0.36eV. 
Similarly, the STM images of SW-(5,0) at bias ±0.3eV shows a clear protrusion at the pentagon 
sites and it is dependent on the polarity of the applied bias. Our calculations show that Stone-
Wales can be experimentally identified by STM measurements. However, this could be a 
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3.1.6. Conclusions 
DFT calculations of the geometry, electronic band structure, density of states, and optical 
properties of (3,3), (5,0) and (4,2) SWNTs have been performed. Significant deviations from the 
ideal cylindrical structures are noted for the fully relaxed 4Å nanotubes. (5,0) nanotube is found 
to be metallic, which is previously predicted to be semiconducting by zone folding 
approximation, and the metallicity is due to the strong curvature of the nanotubes. (4,2) nanotube 
is predicted to possess an indirect small band gap of 0.2eV instead of having a large gap of 1.8eV. 
4Å nanotubes exhibit strong anisotropy of the optical responses as exemplified by the calculated 
complex dielectric function of the nanotubes. Within the approximation level of CASTEP code, 
the calculated complex dielectric function of the 4Å nanotubes has been used to interpret 
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3.2. First-principles study of nitrogenated single-walled carbon nanotubes 
Introduction 
Single-walled carbon nanotubes (SWNTs) can be metallic or semi-conducting, depending 
greatly on their tubular diameter and chirality. Thus it is difficult to synthesize SWNTs with 
uniform chirality and electronic properties. To overcome this difficulty, dopants and defects can 
be introduced to alter the electronic properties of SWNTs. The creation of new energy levels in 
the band gap with associated electronic states is an important step to make electronic devices. 
The intercalation of alkali metals and halogens into SWNT bundles has been utilized to 
modify the electronic properties22. B and/or N atoms are also good choice of dopants because 
they have roughly the same atomic radius as C atoms, and possess one electron less/more than C 
respectively. Nitrogen doping is particularly attractive because the extra electrons from the 
nitrogen dopants are expected to make semiconducting nanotubes metallic. Various approaches 
have been made to incorporate nitrogen atoms into carbon nanotubes, including magnetron 
sputtering,23 pyrolysis of nitrogen-rich organic chemicals,24 and arc-discharge in nitrogen 
atmosphere.25 However, most of the syntheses yield nitrogen-doped multi-walled carbon 
nanotubes (MWNT) with bamboo-shaped morphology. Recently, Villalpando-Paez et. al.26 
reported the synthesis of nitrogen-doped SWNT bundles via an aerosol-assisted chemical vapor 
deposition (CVD) method, but the doping concentration is unknown. It has been suggested that 
the nitrogen dopants are substituted into the carbon network with and without vacancy formation. 
On the other hand, nitrogenation of pristine carbon nanotubes (CNT) has also been conducted 
using ammonia / nitrogen glow-discharge,27,28 ball milling in ammonia atmosphere29 and N ion 
implantation30 methods. These methods exohedrally nitrogenate the sidewalls of CNT with –NH2 
functional groups and chemisorbed N adatoms. In addition, the presence of nitrogen impurities in 
π-conjugated systems31,32 can alter its magnetic properties. Ma et al.32 showed that a magnetic 
moment of 0.6µB is localized at an N adatom chemisorbed on a graphite surface.  
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In this section 3.2, a theoretical investigation of nitrogenated carbon nanotubes was 
carried out to study its atomic deformation, electronic structures, molecular orbital, ionization 




3.2.1. Computation Methods 
The electronic properties of nitrogenated SWNTs were studied using first-principles 
density functional theory (DFT), DMol3 code, available from Accelrys Inc.4 Each electronic wave 
function is expanded in a localized atom-centered basis set with each basis function defined 
numerically on a dense radial grid. For supercell geometries, spin-restricted calculations  were 
carried out with a double numeric polarized (DNP) basis set available and the atomic cutoff set at 
4.5Å, along with gradient-corrected Perdew-Burke-Ernzerhof (PBE) functional.5 Scalar 
relativistic effects33 were included via a local pseudopotential for all-electron calculations. Five 
and eight Monkhorst-Pack k-points34 were used for the Brillouin zone integration along the axes 
of (10,0) and (5,5) nanotubes respectively. Geometry optimizations were performed with the 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with convergence criterion of 10-3 a.u. on 
gradient and displacement, and 10-5 a.u. on the total energy and electron density.  A hexagonal 
lattice was used to simulate the single-walled nanotubes, with a wall-to-wall distance of at least 
10Å, sufficient to avoid in-plane interactions between nanotubes in adjacent unit cells. The Fermi 
levels of the spin-restricted band structures and density of states (DOS) of (10,0) nanotubes were 
reset at the 0eV position. For Dmol3 code, the molecular orbital of periodic systems was 
computed using only the Γ-point. The isodensity surfaces of highest occupied molecular orbital 
(HOMO) of Figure 3.6 and 3.7 were fixed at 0.02e/a.u.3. A smearing of 0.003 a.u. was applied for 
all DOS graphs. 
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Calculations were performed with supercells of zigzag (10,0) (see Fig. 3.6a) and armchair 
(5,5) SWNTs (see Fig. 3.7a). The supercell length of the zigzag and armchair nanotubes are 
a=8.52Å (80atoms/cell) and a=7.38Å (60atoms/cell) respectively, unless otherwise stated. Four 
types of nitrogenated carbon nanotubes were considered: (i) Direct substitution of nitrogen 
dopants into the carbon framework without a formation of vacancy (see Figs. 3.6b and 3.7b). 
Doping density varies from 0.83−5at%. (ii) Substitution of nitrogen dopants with vacancy 
formation, by removing a central C atom among three hexagons and replacing the three 
surrounding C atoms with 3 N atoms (see Figs. 3.6c and 3.7c). This pyridine-like structure was 
proposed by Czerw et al.35, and this type of N-doping is hereinafter termed as pyridine-like 
doping. Doping density varies from 3.8-7.6at%. (iii) Exohedral chemisorption of nitrogen 
adatoms. The chemisorbed N adatoms can be in “parallel” or “perpendicular” positions. The N 
adatom that bridges over the C-C bond is in a “parallel” position, while the N adatom bridges 
over a broken C-C bond is in a “perpendicular” position.  In Figure 3.6d, for a zigzag nanotube, 
the N adatom chemisorbed over the C1-C2 bond is in parallel position, while “perpendicular” 
position refers to the N adatom bridging the C2-C3 bond which is broken (compare Figs. 3.6d and 
3.6e). For an armchair nanotube, the “parallel” position refers to the N adatoms above the C4-C5 
bond (see Fig. 3.7d), while the “perpendicular” position is bridged over the C5-C6 bond (in Fig. 
3.7e C5-C6 bond is broken), (iv) sidewall covalent –NH2 functionalization (see Figs. 3.6f and 
3.7f). Hence the atomic deformation, bond lengths, molecular orbital and energetic of 
nitrogenated SWNTs were presented in section 3.2.2. Spin restricted electronic properties of 
nitrogenated SWNTs were presented in section 3.2.3. 
The ionization potential (IP) values have been determined for the nitrogenated nanotubes 
and the results were presented in section 3.2.4. The IP is defined as the energy difference between 
a positively charged system (+1) and the originally neutral system (0). A constant electric field of 
1eV/Å is applied parallel to the tube axis, whereby field emission is assumed to occur at this order 
of magnitude. 
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Spin unrestricted (polarized) calculations were also performed for the nitrogenated 
SWNTs. However spin polarization was significant only for the case of N adatom chemisorption. 
The spin polarized band structures, local DOS and magnetism of singly N-chemisorbed SWNTs 
were presented in section 3.2.5.  
The structural stability and coalescence of two N adatoms chemisorbed on SWNTs into a 
N2 molecule were presented in section 3.2.6. The transition state energies of the coalescence 
processes were investigated using a generalized synchronous transition (GST) method.36 This 
method involved a linear synchronous transit (LST) maximization, followed by repeated 
conjugated gradient (CG) minimizations, and then quadratic synchronous transit (QST) 
maximizations and repeated CG minimizations until a transition state had been located (see ref 
[36] for details). The geometry optimization convergence threshold of the RMS forces was set at 
0.005 Ha/Å. The “reactants” and “products” correspond to N-chemisorbed carbon structures and 
carbon structures with a N2 molecule respectively. The “reactants” and “products” are 
geometrically optimized before the full LST/QST search (see Table 3.5 and 3.6 for the relaxed 
“reactants”). The coalescence process was carried out for periodic systems of a graphene sheet 




3.2.2. Atomic deformation, bond lengths, molecular orbital and energetics 
Figures 3.6 and 3.7 show the relaxed geometries of (10,0) and (5,5) nanotubes along with 
the distribution of the highest-occupied molecular orbital (HOMO). Generally, it is noted that the 
cylindrically pristine nanotube is deformed to an ellipsoidal shape upon doping. A deformation 
factor (δ) is defined as the ratio of the major axis to the minor axis of the nanotubes.  The δ values 
for the various types of nitrogenation are listed in Table 3.2, together with the computed IP 
values.  
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Figure 3.6. (a) Geometrically optimized structures, highest occupied molecular orbital (HOMO) 
and bond lengths (in Å) of a pure zigzag (10,0) nanotube; (b) Direct substitution of two nitrogen 
atoms into the carbon framework without the formation of vacancies. Here the two N substitution 
atoms in C78N2 are in the opposite positions, (c) N substitution into the carbon framework with 
the formation of vacancy: pyridine-like doping (C72N6) with two vacancies formed in opposite 
positions, (d) Chemisorption of a N adatom in “parallel” position, (e) Chemisorption of a N 
adatom in “perpendicular” position, (f) –NH2 functionalization. Grey ball denotes C atom, blue 
ball denotes N atom, and white ball denotes H atom. A fragment of the supercell is taken out to 
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Figure 3.7. (Continues next page) 
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Figure 3.7. (a) Geometrically optimized structures, highest occupied molecular orbital (HOMO) 
and bond lengths (in Å) of a pure armchair (5,5) nanotube; (b) Direct substitution of two nitrogen 
atoms into the carbon framework without the formation of vacancies. Here the two N substitution 
atoms in C58N2 are in the opposite positions, (c) N substitution into the carbon framework with 
the formation of vacancy: pyridine-like doping (C52N6) with two vacancies formed in opposite 
positions, (d) Chemisorption of a N adatom in “parallel” position, (e) Chemisorption of a N 
adatom in “perpendicular” position, (f) –NH2 functionalization. Grey ball denotes C atom, blue 
ball denotes N atom, and white ball denotes H atom. A fragment of the supercell is taken out to 
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Table 3.2. Deformation (δ), IP values and magnetic moment (µB) of nitrogenated SWNTs. 
 Types of nitrogenation δ IP (eV/Å) Magnetic moment, µB
Pure 1.0 6.19 - 
Substitution, C78N2 1.12 4.69 - 
Pyridine-like doping, C72N6 1.13 4.85 - 
“Parallel” chemisorption 1.07 4.77 0.72 













-NH2 functionalized 1.18 4.63 - 
Pure 1.0 5.91 - 
Substitution, C58N2 1.05 4.55 - 
Pyridine-like doping, C52N6 1.28 4.79 - 
“Parallel” chemisorption 1.08 4.60 0.61 














-NH2 functionalized 1.17 4.50 - 
 
 
Table 3.3. Formation energies of N-substituted and pyridine-like doped SWNTs 
 Types of nitrogenation Ef(eV)‡
Substitution, C79N1 1.78 
Substitution, C78N2 3.62 










Pyridine-like doping, C72N6 11.20 
Substitution, C59N1 1.71 
Substitution, C58N2 3.55 









Pyridine-like doping, C52N6 10.57 
 
‡Formation energy of (10,0)NT, C76N3, is calculated as followed: C80 + 3N → C76N3 + (1/80)C80, i.e., 
Ef = E[C76N3] + 1/80E[C80] - E[C80] - 3E[N]. Similar energy calculations are performed for the other 
cases. 
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Table 3.4. Adsorption energies of chemisorbed N adatoms and –NH2 on SWNTs 
 Types of nitrogenation Ea(eV)†
“Parallel” chemisorption, C80N1  1.77 










-NH2 functionalization 2.34 
“Parallel” chemisorption, C60N1  1.49 









-NH2 functionalization 2.21 
†Adsorption energy is calculated as followed: Ea=E(CNT+impurity)-E(CNT)-E(impurity) 
 
 
It is noted that both (10,0) and (5,5) tubes have almost the same order of deformation 
factor δ for “parallel” chemisorption and –NH2 functionalization. For pyridine-like doping, a (5,5) 
nanotube (δ≈1.28) suffers a larger deformation than a (10,0) nanotubes (δ≈1.13) which could be 
due to the smaller diameter of (5,5) nanotube. On the other hand, direct substitution and 
“perpendicular” chemisorption cause more deformation in (10,0) nanotubes than (5,5) nanotubes. 
Noteworthy, the sidewall of (5,5) nanotubes with chemisorbed N adatom is buckled while (10,0) 
nanotubes are not so susceptible to buckling (compared Fig 3.6d,e and Fig 3.7d,e).  
The bond lengths of the relaxed nanotubes in the vicinity of the nitrogen impurities are 
also displayed in Figure 3.6 and 3.7. The C-N bond lengths of direct nitrogen substitution are 
determined to be ~1.40-1.38Å for the doped nanotubes both in Fig. 3.6 and Fig. 3.7. Due to the 
missing central C atom, the C-N bond lengths of pyridine-like doping are determined to be ~1.30-
1.35Å, depending on the orientation, as compared to 1.42-1.47Å for the C-C bonds (see Figs 3.6c 
and 3.7c). For the chemisorbed N dopants, the C-N bond lengths of (5,5) tubes are about 1.45Å 
(vs. 1.51Å C-C bond) in the “parallel” positions and 1.37Å (vs. 2.10Å, C-C separation in this 
case) in “perpendicular” position. These bond length values are more locally distorted than (10,0) 
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naontubes (compare Figs 3.7d,e and 3.6d,e). Covalent -NH2 functionalization results a C-N bond 
length of ~1.47-1.48Å, while the surrounding C-C bonds are elongated to ~1.50Å. Thus it can be 
surmised that nitrogen impurities in CNTs produce their own local strains and results in the 
respective deformation. The relaxed structures of nitrogenated SWNTs correlate well with 
experimental observations of compartmentalized and defective nitrogen-doped CNTs.24,37   
The effects of dissimilar nitrogenation on armchair and zigzag nanotubes are also 
reflected by the differences in the HOMO distribution. For instance, the HOMO of a nitrogen 
substituted (10,0) nanotube is polarized at two opposite nitrogen dopants, while this is not the 
case for a nitrogen substituted (5,5) nanotube (see Fig 3.6b and 3.7b). Pyridine-like doping causes 
the HOMO of doped (5,5) NT to be more concentrated at one side of the ellipsoidal ring (see Figs 
3.6c and 3.7c). Another marked difference between doped (5,5) and (10,0) NTs is for the case of 
chemisorption of N adatoms at the “perpendicular” positions. The HOMO of a (10,0) nanotube is 
concentrated at the vicinity of the “perpendicularly” chemisorbed N adatom, while the HOMO of 
a (5,5) nanotube is roughly still distributed throughout the tube (compare Fig 3.6e and 3.7e).  
The formation energies (Ef) and absorption energies (Ea) of the nitrogenated SWNTs 
were given in Table 3.3 and Table 3.4 respectively. The energy cost to sp2-substitute a C atom 
with an N atom in (10,0) and (5,5) nanotubes are 1.78 and 1.71eV respectively. On the other 
hand, it costs 6.46 and 5.61eV to form pyridine-like doping in (10,0) and (5,5) nanotubes 
respectively. The adsorption energies of exohedral N adatoms on SWNTs are dependent on the 
orientation of the C-N bridges relative to the tubular axes. The “parallel” chemisorption of 
SWNTs has lower absorption energy than the “perpendicular” chemisorption, which is 
understandable since the C-N bond lengths in the “parallel” positions are shorter than those in the 
“perpendicular” positions (1.45 vs. 1.37Å in (5,5) nanotube, and 1.45 vs. 1.39Å in (10,0) 
nanotube). The adsorption energy of –NH2 on the outer surface of SWNTs is about 2.3eV, which 
is comparable to the absorption energy of “perpendicular” N adatom chemisorption. The 
synthesis of N-doped carbon nanotubes is usually carried out at 700-900oC using nitrogen-rich 
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precursors for CVD processes.24,38,39 Spectroscopic studies and peak analysis revealed that C-N 
bonding of N-doped carbon nanotubes involved sp2, sp3-typed and intercalated N2 as well, which 
might be attributed to sp2-substitution of C atom with an N atom, pyridine-like doping and 
molecular N2 respectively. The relatively high synthesis temperature and use of catalysts might 
provide sufficient energies to form pyridine-like defects in N-doped carbon nanotubes, though the 
formation energies of pyridine-like defects is higher than sp2-substitution. Furthermore, the 
decomposition of nitrogen-rich precursors might generate N adatoms which chemisorbed on the 
graphitic layers of carbon nanotubes and subsequently coalesce to form intercalated N2 molecules 
(see section 3.2.6).  Pristine carbon nanotubes can also be modified with nitrogen impurities using 
N ion irradiation, N2 / NH3 plasma treatment. Khare et al.27,28 showed that the –NH2 functional 
group is mostly attached to carbon nanotube after N2 / NH3 plasma treatment, whereby the 
absorption energy of ~2eV is supplied by the plasma. Atomistic simulations study30 of N ion 
implantation into carbon nanotubes showed that up to 40% of the N ion irradiation results in sp2-
substitution of the nanotube C network, and annealing the N-bombarded nanotubes further 
increases the sp2 N dopants. Thus the synthetic conditions, nitrogen plasma treatment and N ion 
implantation can be utilized to favorably control the types of N-impurities in carbon nanotubes. 
This in turn implied that the electronic properties of carbon nanotubes can be experimentally 
tuned according to the types of N impurities introduced, and this is important for nanotube-based 
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Figure 3.8. Band structures of (10,0) and (5,5) nanotubes: (a,g) pure, (b,h) N-substitution, (c,i) 
pyridine-like doping, (d,j) chemisorption at “parallel” position, (e,k) chemisorption at 
“perpendicular” position, (f,l) –NH2 functionalization. (a-f) and (g-l) for (10,0) and (5,5) nanotubes 
respectively. The Fermi level is represented by the dotted horizontal lines. 
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3.2.3. Spin restricted electronic properties 
Figures 3.8a-f compare the electronic band structures of pure and nitrogenated (10,0) 
nanotubes in the vicinity of the Fermi level. A pure zigzag (10,0) SWNT has a D10h symmetry, 
and most of the energy levels are doubly degenerate due to the rotational point group Cn. Figure 
3.8a shows the band structure of a pure (10,0) nanotube, which is very similar to that in Ref [40]. 
The topmost valence band and bottom conduction band correspond to the big π-bonding and π*-
antibonding states along the ring of the tube respectively. Upon nitrogenation, the degeneracies of 
the energy bands of (10,0) nanotubes are removed. That is, the presence of nitrogen impurities 
causes the α band to split. The splitting of the band is most prominent for “parallel” 
chemisorption (Fig. 3.8d). A new band develops just below the Fermi level for pyridine-like 
doping (p-type, Fig. 3.8c), while a new band develops in the middle of the Fermi level for –NH2 
functionalization (Fig. 3.8f, still regarded as p-type doping due to the presence a small gap 
between the new energy band and valence band). Direct nitrogen substitution creates a new band 
just above the Fermi level (i.e. below the lowest conduction bands), which exemplifies an n-type 
doping. Band structure study reveals a significant difference between “parallel” and 
“perpendicular” chemisorption. A new energy band cuts across the Fermi level for “parallel” 
chemisorption and makes the doped (10,0) nanotube metallic. On the other hand, a new energy 
band is developed at the Fermi level narrowing of the gap between the new band and the 
conduction band for the “perpendicular” chemisorption (considered as n-type).  
Band structures of Figure 3.8 are consistent with J. Zhao et al.41 who have investigated 
the band structures of SWNTs with covalent sidewall functionalization (e.g. COOH, OH, F, H, 
CH3) and pointed out the marked difference between covalent functionalization and substitutional 
doping. As in the case of semiconducting (10,0) nanotubes, substitutional doping does not disturb 
the sp2 hybridization of the π-electrons and the N impurity states contributes mainly to the 
minimum of the conduction band, while tube-impurity covalent interaction creates an impurity 
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state in the top of the valence band due to sp3-defect. As indicated in Figure 3.6b and Figure 3.6f, 
the C-C bond lengths of –NH2 functionalized nanotubes are elongated to ~1.50Å (sp3-defect), 
while the C-C bond lengths of nitrogen substitution is ~1.40Å (sp2). 
The electronic band structures of pure and doped (5,5) nanotubes are displayed in Figures 
3.8g-l. The π⎯π* band crossing of the pure (5,5) metallic tube is disturbed by the presence of N 
impurities. Small band gaps open up between the conduction and valence bands, which are 
attributed to the breaking of the armchair nanotube mirror symmetry due to the tube-impurity 
interaction. The opening of small gaps has also been reported for covalently functionalized and 
Cu-adsorbed metallic nanotubes.41,42
In Figure 3.9, we present the electronic density of states (DOS) of pristine and 
nitrogenated (10,0) nanotubes. At low concentration of dopants (0.83at%), direct substitution of 
nitrogen narrows the band gap and slightly shifts the Fermi level towards the conduction band. 
Projected DOS of the nitrogen dopant indicated that an impurity state is developed at ~0.5eV in 
the conduction bands (n-type doping, see Fig 3.9b), but complicated hybridization also occurs at 
the higher energy regions of the valence bands, along with the removal of the double 
degeneracies as indicated in the band structures. At higher level of doping (see Figure 3.9c,d,), 
the band gap continues to narrow and eventually filled with impurity states at higher 
concentration of dopants. For instance, N-substituted (10,0) nanotubes of 2.5at% become metallic 
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Figure 3.9. Total density of states (TDOS) of (a) pristine (10,0) nanotube, (b-d) nitrogen-
substitution, (e,f) pyridine-like doping, (g,h) chemisorption of N adatoms, and (i) –NH2 
functionalization. Projected DOS of nitrogen impurities and TDOS of undoped (10,0) nanotube 
with vacancy are indicated as red line and blue lines respectively. The Fermi level is at 0eV. A 




Although pyridine-like doping has a relatively higher concentration of dopants (compares 
~3.8at%, Fig 3.9e, of pyridine-like doping vs. 2.5at%, Fig 3.9d, of N-substitution), the band gap 
remains though narrower. At even higher concentration of pyridine-like doping (7.2at%, Fig 
3.9f), the doped (10,0) nanotube still remains as a narrow gap semiconductor. This is in contrast 
to direct substitution (~2.5at%) which can yield metallic nanotubes at higher impurity 
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concentrations. However our calculated DOS of (10,0) nanotube with pyridine-like doping does 
not agree to Czerw’s calculation,35 which was based on tight-binding method, and concluded that 
nanotubes with pyridine-like nitrogen doping behave as donor-type doping. Kang et al.43 also 
calculated SWNTs with pyridine-like nitrogen doping and concluded that the resultant SWNTs 
possessed acceptor-like impurities due to the presence of lone pair states. Our calculated DOS of 
(10,0) tubes with pyridine-like nitrogen doping (Fig 3.9e) agree well to the results of Kang et al.43 
To understand the role of nitrogen impurities in the pyridine-like vacancy, we have also 
computed the DOS of a (10,0) tube with pyridine-like vacancy but without nitrogen dopants (see 
Fig 3.9e, blue line). The relaxed geometry of such a (10,0) tube with mono-vacancy shows a 
similar deformation and, interestingly, a reduction of band gap which matches quite closely to 
(10,0) tube with pyridine-like nitrogen doping. Therefore the effects of the nitrogen dopants in 
pyridine-like doping do not significantly modify the band gap, but noticeable increase (decrease) 
in the density of states at about -0.4eV, -1.5eV and -3.3eV (-4.4eV and –6.7eV) in the valence 
band. In other words, the pyridine-like doping causes the zigzag nanotube to become a narrow 
gap semiconductor, and the projected DOS of the N-dopants show that the impurity states are 
located ~0.4eV below the Fermi level (Kang et al.25 obtained impurity states at ~0.5eV below the 
Fermi level) and thus can be regarded as acceptor-like impurities. 
The exohedral chemisorption of a single N adatom onto a (10,0) nanotube significantly 
alters the band gap. As shown in Figure 3.9h, the projected DOS of the exohedrally 
“perpendicular” chemisorbed N adatom indicates that it is behaving as n-type dopant, which is in 
contrast to endohedrally chemisorbed N adatom (p-type).44 However, a closer inspection of 
chemisorption in the “parallel” position indicates that the (10,0) nanotubes shows metallic 
behavior which is consistent with band structure study (Fig 3.8d). 
We also noted that the DOS profile of –NH2 functionalization of a (10,0) nanotube is 
reminiscent of –OH functionalization.40 The projected DOS of the -NH2 moiety shows that a 
weak impurity state is located at the Fermi level, and a stronger impurity state is located at 
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~1.2eV below the Fermi level (Fig 3.9i). It is considered that a -NH2 moiety behaves as an 
acceptor impurity. J. Zhao et al.41 showed that regardless of the types of covalent sidewall 
functionalization of SWNTs, sp3 hybridization between the functional group and nanotube 
induces an impurities state near the Fermi level.  
The electronic density of states of pure and nitrogenated armchair (5,5) nanotubes are 
displayed in Figure 3.10. The DOS of pure (5,5) tubes exhibit a finite DOS at the Fermi level, 
which renders it metallic. Figure 3.10b shows that nitrogen substitution develops an impurity 
state below the conduction bands (~0.6eV above the Fermi level), and a small valley is noted near 
to the Fermi level. The presence of small valleys in the vicinity of the Fermi level is also 
observed for other nitrogenated (5,5) tubes, and this is mainly due to the broken mirror symmetry 
of the π⎯π* band crossing as discussed in the band structure studies. For the case of (5,5) tube 
with pyridine-like doping (Fig 3.10c,d), a peak at the Fermi level is observed. However the 
projected DOS of the nitrogen impurities shows that the impurity states are mainly located below 
the Fermi level ~1.3eV, and the impurity states at Fermi level are very weak for ~5at% doping 
level.  Likewise, we have also computed the DOS of (5,5) tubes with pyridine-vacancy without 
N-impurities, and its DOS also shows a sharp peak at the Fermi level (see Fig 3.10c, blue line). 
Thus the observed DOS peak at the Fermi level of the pyridine-like nitrogenated (5,5) tube is due 
the vacancy and not the nitrogen dopants. The DOS of pyridine-like nitrogenated (5,5) tubes is 
quite similar to (5,5) tubes with mono-vacancy (without N-impurities), except for a marked 
decrease (slight increase) at about –3.5eV and 0.7eV (-0.8eV and –1.3eV). The DOS of 
chemisorption of nitrogen adatoms and –NH2 functionalization of (5,5) nanotubes is quite similar 
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Figure 3.10. Total density of states (TDOS) of (a) pristine (5,5) nanotube, (b) nitrogen-
substitution, (c,d) pyridine-like doping, (e,f) chemisorption of N adatoms, and (g) –NH2 
functionalization. Projected DOS of nitrogen impurities and TDOS of undoped (5,5) nanotube 
with vacancy are indicated as red line and blue lines respectively. The Fermi level is at 0eV. 
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3.2.4. Ionization potential energies 
Although most theoretical calculations of field emission (FE) properties of carbon 
nanotubes are performed with finite clusters, the aim of using supercell geometries in this paper is 
to compare qualitatively the FE properties among the nitrogenated nanotubes. The IP values of 
the nitrogenated SWNTs are displayed in Table 3.2. The IP value of a pure (10,0) nanotube is 
calculated to be 6.19eV/Å, which is slightly lower than the IP value of 6.4eV/Å for a closed 
capped (5,5) nanotube reported by Maita et al.45 The IP values of nitrogenated (10,0) nanotubes in 
increasing order are 4.63eV (-NH2 functionalization), 4.69eV (substitution), 4.77eV (“parallel” 
chemisorption), 4.85eV (pyridine-like doping) and 5.25eV (“perpendicular” chemisorption). A 
similar trend of IP values is also noted for nitrogenated (5,5) nanotubes, but the IP values are 
lower than the nitrogenated (10,0) NTs. Therefore, -NH2 functionalization and nitrogen 
substitution might be advantageous to the field emission properties of carbon nanotubes. Our 
results indicate that the field emission properties of pristine carbon nanotubes can be 
experimentally improved using N2 / NH3 plasma treatment and N ion implantation to modify 
carbon nanotubes with NH2 moiety and sp2-substitution respectively.  
 
 
3.2.5. Spin-unrestricted electronic properties of singly N-chemisorbed SWNTs 
We have also evaluated the electronic properties of the nitrogenated SWNTs using spin 
unrestricted calculations. The spin unrestricted (polarized) band structures and DOS of the 
nitrogenated SWNTs are very similar to the spin restricted calculations, except for nitrogen 
chemisorptions. Hence the spin polarized band structures and local DOS of the singly N-
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Figure 3.11. Spin-polarized band structures of singly N-chemisorbed SWNTs in (a,c) “parallel” 
and (b,d) “perpendicular” positions. Majority spin and minority spin electrons are denoted by 














Figure 3.12. Spin-polarized local density of states of a single N adatom chemisorbed on (10,0) 
and (5,5) nanotubes. The pink isosurface of the spin density is set at the value of 0.05e/Å3. The 
grey and blue spheres represent C and N atoms respectively.  
 
National University of Singapore 
 
59
Chapter 3. Theoretical studies of carbon nanotubes 
It is noted that the minority spin band structures are quite similar to the spin restricted 
band structures, while the majority spin band structures are different. On the basis of Figure 3.11, 
majority spin LDOS peaks are located at about 0.9–1.5eV below the Fermi level, while minority 
spin LDOS peaks are located at the Fermi level. Furthermore the distribution of the spin 
polarization (insets of Fig 3.11), which comes from the p orbital of the N adatoms, is 
perpendicular to the C-N-C plane. This resembles the case of a N adatom chemisorbed on a 
graphene sheet whereby the spin distribution is also perpendicular to the C-N-C plane.32 The 
magnetic moment (µB) of the chemisorbed (10,0) and (5,5) nanotubes are also tabulated in Table 
3.2. The magnitude of the magnetic moment depends on the positions of the chemisorbed N 
adatoms, the chiralities and diameters of the SWNTs. A “parallel” chemisorption has a larger 
magnetic moment than a “perpendicular” chemisorption. Also, the magnitudes of the magnetic 
moment of a semiconducting (10,0) nanotube are larger than a metallic (5,5) nanotube. Ma et al.32 
reported that the magnitude of the magnetic moment of nitrogenated graphite is related to the 
coupling of the N adatom’s p orbital with the carbon π orbital. That is, a larger coupling of the p-
π orbital yields a smaller magnetic moment. The broken C-C bond in the “perpendicular” 
chemisorption may have given rise to a stronger coupling between the N adatom’s p orbital and 
the carbon π orbital, and therefore “perpendicular” chemisorption has a smaller µB than “parallel” 
chemisorption. Likewise the more delocalized π orbital of a metallic (5,5) nanotube couples more 
strongly to the N adatom’s p orbital than a semiconducting (10,0) nanotube. Therefore N-
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Figure 3.13. Possible configurations of two neighboring N adatoms chemisorbed on a graphene 




3.2.6. Structural stability and coalescence of two neighboring chemisorbed N adatoms 
In the case of high density nitrogen chemisorption, the stability of the defects with 
respect to recombination into N2 molecules is an important issue to study. For example, 
intercalation of N2 molecules between the graphitic layers of nanotubes has been experimentally 
observed.38,39 Thus in this section, we examine the structural stability of two neighboring N 
adatoms chemisorbed on SWNT surfaces and the coalescence process into a N2 molecule. We 
assume that the two N adatoms on a graphitic surface must be sufficiently close to each other 
before they coalesce to form a N2 molecule. In Figure 3.13, various positions for holding two 
neighboring N adatoms on a graphene sheet are considered and labeled from (a) to (h). Z1 and Z2 
vectors in the figure represent the tubular axes of (10,0) and (5,5) nanotubes respectively. The 
structures with two neighboring N adatoms at the assumed positions are allowed to relax fully. 
The relaxed structures of SWNTs with two N adatoms are schematically presented in Table 3.5 
and Table 3.6, together with the calculated bond lengths (or atom-to-atom separation distance), 
bond angles, and total energies.    
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Table 3.5. Relaxed zigzag (10,0) SWNTs with two chemisorbed N adatoms. 
 Relaxed configurations Remarks†
 (g)-(b) position 
(N⋅⋅⋅N) = 3.182Å 
(C-C) = 1.513Å 
(C-N) = 1.460Å 
∠CNC = 62.381ο














 (g)-(d) position 
(N⋅⋅⋅N) = 3.200Å 
(C-C) = 1.481Å 
(C-N) = 1.480 / 1.392Å 
∠CNC = 61.996ο
ET = -3155.4925991Ha 
 (c)-(a) position 
(N-N) = 1.566Å 
(C-C) = 1.575Å 
(C-N) = 1.492 / 1.546Å 
∠CNC = 62.425ο




(N⋅⋅⋅N) = 2.252Å 
(C⋅⋅⋅C) = 2.164Å 
(C-N) = 1.374 / 1.395Å 
∠CNC = 102.884ο
ET = -3155.5446995Ha 
 (c)-(f) position 
(N⋅⋅⋅N) = 3.554Å 
(C-C) = 1.611Å 
(C-N) = 1.414 / 1.459Å 
∠CNC = 68.171ο
ET = -3155.4927862Ha 
 (c)-(h) position 
(N-N) = 1.491Å 
(C⋅⋅⋅C) = 2.408Å 
(C-N) = 1.383 / 1.429Å 
∠CNC = 117.708ο

















 (f)-(h) position 
(N⋅⋅⋅N) = 1.998Å 
(C⋅⋅⋅C) = n.a. 
(C-N) = 1.390/ 1.408Å 
∠CNC = n.a. 
ET = -3155.6149498Ha 
†(X⋅⋅⋅X) and (Y-Y) denote atom-to-atom separation length and bond length respectively. ET is the total 
energy of the system in unit of Hartree. ∠CNC denotes the average bond angle. Positions of N adatoms and 
carbon-carbon lengths are labeled according to Fig 3.13.  
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Table 3.6. Relaxed armchair (5,5) SWNTs with two chemisorbed N adatoms. 
 Relaxed configurations Remarks†
 (g)-(b) position 
(N-N) = 1.537Å 
(C⋅⋅⋅C) = 2.309Å 
(C-N) = 1.440Å 
∠CNC = 106.630ο
















 (g)-(d) position 
(N⋅⋅⋅N) = 3.524Å 
(C⋅⋅⋅C) = 2.137Å 
(C-N) = 1.391 / 1.350Å 
∠CNC = 102.377ο
ET = -2393.8851250Ha 
 (c)-(a) position 
(N⋅⋅⋅N) = 3.251Å 
(C-C) = 1.518 / 1.519Å 
(C-N) = 1.441 / 1.468Å 
∠CNC = 62.977ο




(N-N) = 1.109 (free N2) 
(C⋅⋅⋅C) = n.a. 
(C-N) = n.a. 
∠CNC = n.a. 
ET = -2394.0731784Ha 
 (c)-(f) position 
(N⋅⋅⋅N) = 2.903Å 
(C-C) = 1.515Å 
(C-N) = 1.436 / 1.471Å 
∠CNC = 62.809ο
ET = -2393.8028447Ha 
 (c)-(h) position 
(N⋅⋅⋅N) = 3.128Å 
(C-C) = 1.566Å 
(C-N) = 1.437 / 1.458Å 
∠CNC = 65.525ο














 (f)-(h) position 
(N⋅⋅⋅N) = 3.444Å 
(C-C) = 1.506Å 
(C-N) = 1.435/ 1.479Å 
∠CNC = 62.256ο
ET = -2393.8252540Ha 
†(X⋅⋅⋅X) and (Y-Y) denote atom-to-atom separation length and bond length respectively. ET is the total 
energy of the system in unit of Hartree. ∠CNC denotes the average bond angle. Positions of N adatoms and 
carbon-carbon lengths are labeled according to Fig 3.13. 
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Most of the relaxed structures in Tables 3.5 and 3.6 are very similar to their counterparts 
of single N adatom chemisorption, except that the number of N adatoms increases from one to 
two.  That is, the bridged C-C bonds are also broken for “perpendicular” chemisorption (see (c)-
(e) position of (10,0) tube and (g)-(d) position of (5,5) tube), with the exception of 
“perpendicular” (c)-(f) position of (10,0) nanotube whereby the bridged C-C bonds are prevented 
from being broken due to the “squeezing” of the C-C at position (e). The relaxation of the 
“parallel” chemisorptions of two N adatoms can also be anticipated from the results of single 
chemisorption (see (g)-(b), and (g)-(d) positions of (10,0) tubes, and (c)-(a),(c)-(f), (c)-(h) & (f)-
(h) positions of (5,5) tubes).  
However, some of the structures in Tables 3.5 and 3.6 are unexpected and dissimilar to 
the above listed ones.  Their structures are more complex and richer in defects, as expatiated 
below.  In the first case of this series, the (5,5) (c)-(e) (“parallel” chemisorption) in Table 3.6, the 
relaxed structures yield a pristine (5,5) nanotube and a N2 molecule. In comparison with other 
“parallel” positions of (5,5) nanotube, the N adatoms in the (c)-(e) position can be considered as 
unstable and, upon relaxation, can form N2 molecule.  For the two N adatoms chemisorbed at the 
(c)-(e) positions in a (10,0) nanotube (“perpendicular” chemisorption), however, the relaxed 
structures yield a (10,0) nanotube chemisorbed with two N adatoms and two broken C-C bonds. 
Geometry optimization revealed that the nitrogen-nitrogen repulsion had caused the two 
chemisorbed N adatoms of (5,5) nanotube at (c)-(e) position to elongate their C-N bonds, and 
transform the C-N bridges to become C-N single bonds. The two C-N single bonds are able to 
rotate and form an intermediate N-N bond before breaking the C-N bonds and escaping as a free 
N2 molecule. However for chemisorbed two N adatoms on (10,0) at (c)-(e) positions 
(“perpendicular”), the broken C-C bond kept the N-to-N atoms farther apart, not forming a free 
N2.   In the second cases of the series, the formation of N-N bond is possible at some of the 
“perpendicular” positions (see (c)-(a) and (c)-(h) positions for (10,0) tube, and (g)-(b) position for 
(5,5) tube), which is due to the breaking or elongating of bridged C-C bonds and allowing the two 
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N adatoms to come closer together to form a N-N bond. Consequently, pentagon-heptagon pair 
defects are formed on these SWNTs if the bridged C-C bonds are broken. These N-N bond 
lengths are ~1.49-1.56Å, which is longer than the bond length of a free N2 molecule (1.11Å), but 
close to the N-N bond lengths of boron nitride nanotubes with pentagon-heptagon defects.46   In 
the third case of the series, the “perpendicular” (f)-(h) positions of (10,0) tube consists of fourfold 
and sevenfold ring defects, and the total energy is the lowest among the positions considered (see 
Table 3.5). Besides breaking the C-C bonds at position (f) and (h) (see Figure 3.13), the C-C bond 
at position (g) is torn apart due to the formation of a weak N-N bond which is subsequently 
broken as well. The relaxed C-N bond is ~1.40Å, which is close to the C-N bond length observed 
in sp2 substitution. Bettinger et al.47 has investigated a 4774 defect (fourfold and sevenfold ring 
defects) in carbon nanotube, but a 5775 defect (fivefold and sevenfold ring defects, or simply 
Stone-Wales defect) is more stable. Although the relaxed “perpendicular” position (f)-(h) of 
(10,0) nanotube does not resemble the 4774 defect, our results suggest that the presence of N 
impurities can give rise to a single fourfold and two sevenfold ring defects in semiconducting 
carbon nanotubes. Furthermore the relaxed structures of the N dopants are no longer protruding 
out the SWNT surface and substantially different from other cases of chemisorption.  
On the basis of geometry optimization of the SWNTs with two neighboring N adatoms, 
we have demonstrated the important effects of the relative adsorption positions of N adatoms and 
the nanotube chiralities on the tube structural stability and the resultant defects.  
We have applied the GST method36, as implemented in DMol3 code, to search the 
transition state of the coalescence process of two chemisorbed N adatoms. We tested the method 
for the case of a graphene sheet with two chemisorbed N adatoms. As shown in Figure 3.14a, the 
transition state consists of one N adatom bridging over the C-C bond while the other forming a 
single bond with the graphene sheet. Furthermore, the two chemisorbed N adatoms had severely 
distorted the graphene sheet. The N···N separation of this transition state is 2.0Å and the reaction 
energy barrier is 0.80eV, which is in good agreement with a previous report.32
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Figure 3.14. (Continues next page) 
 
National University of Singapore 
 
67










Figure 3.14. Energy versus path coordinate during transition state search. The path coordinate 
“0” represents the “reactant” (SWNT with two chemisorbed N adatoms), while path coordinate 
“1” represents the “products” (SWNT + a free N2 molecule). Case (a), (b,c) and (d,e) are the TS 
search and energy diagrams for a graphene sheet, (10,0) and (5,5) nanotubes respectively. Energy 
diagrams are not drawn to scale. 
 
 
Therefore we had conducted the LST/QST search for selected nitrogenated SWNTs using 
the same procedure. For (10,0) nanotubes, chemisorption at positions (g)-(d) and (c)-(h) were 
chosen because it had the lowest total energies. However (c)-(h) positions of (10,0) is preferred 
over (f)-(h) positions because it still retained the C-N brigdelike bonds. Similarly, (f)-(h) and (g)-
(b) positions were chosen for nitrogenated (5,5) nanotubes since these positions have the lowest 
total energies. The coalescence processes of two N adatoms chemisorbed on SWNTs into a free 
N2 molecule are presented in Figure 3.14b-e. It is noted that the reaction energies barrier of 
SWNTs are higher than the graphene sheet. The coalescence of N adatoms with “perpendicular” 
chemisorption is less complex than the “parallel” chemisorption (involving fewer numbers of 
LST/QST search). The reaction energy barrier (energy of reaction) of “perpendicular” 
chemisorption is much higher (lower) than the “parallel” chemisorption. This implied that it is 
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more difficult to coalesce two chemisorbed N adatoms into N2 molecule in the “perpendicular” 
positions than the “parallel” positions. The reaction energy barrier of (10,0) nanotube is ~0.8eV 
lower than (5,5) nanotube, which might be due to the larger curvature of (10,0) nanotube and 
stronger C-N bonding of (5,5) nanotube. It can be surmised that the intercalation of N2 molecules 




The structural and electronic properties of nitrogenated (5,5) and (10,0) have been studied 
using first-principles methods. The effects of different types of nitrogenation have been 
elucidated from the band structures, density of states (DOS), and molecular orbital. Our 
calculations indicate that the substitutional nitrogenation, -NH2 functionalization as well as 
chemisorption will convert semiconducting (10,0) nanotubes (~0.7 eV band gap) into metallic; 
while pyridine-like nitrogenation can only shorten the band gap, converting the (10,0) tube to 
narrow gap (<0.2 eV) semiconductors. For metallic (5,5) nanotubes the N-doping is shown to 
significantly enhance the state density at the vicinity of Fermi level, which can enhance its 
chemical activity.  Comparing among the calculated ionization potentials of the various 
nitrogenated nanotubes indicates that covalent sidewall -NH2 functionalization is as effective as 
direct substitutional doping in lowering the IP values which are beneficial for field emission.  The 
magnetic moment of chemisorbed N adatom ranges from 0.5-0.7µB and depends on the nanotube 
chirality and diameter, and the orientation of the chemisorbed N adatom as well. Our study also 
indicates that structural relaxation of SWNTs with two chemisorbed N adatoms in certain 
“perpendicular” configurations may result in the formation of N-N bond, mainly due to the 
breaking or elongating of the bridged C-C bonds. The coalescence of two neighboring N adatoms 
into a N2 molecule needs to overcome an energy barrier in the range between 0.9 and 3.4eV, 
depending on the N-chemisorption configuration and tubular diameter. 
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3.3. First-principles study of carbon nanotubes with bamboo-shape and pentagon-
pentagon fusion defects 
Introduction 
Single-walled carbon nanotubes (SWNTs) are seamlessly rolled-up graphene sheets.  
They can be metallic or semi-conducting, depending on their tubular diameter and chirality.1 The 
geometry-dependent properties of SWNT strongly implies that structural changes including the 
introduction of defects, dopants, twists and deformations to the carbon bond network will alter the 
electronic properties. Carroll et al.48 and De Vita et al.49 have conducted scanning tunnelling 
spectroscopy studies and tight binding calculations to correlate the electronic properties of SWNT 
and the topology of the carbon bond network at the tip. The relative position of pentagons in the 
SWNT tips in the curved tips was found to be responsible for the observation of localized 
resonant states. Recently Okada et al.50 reported that carbon nanotubes with topological line 
defects (pentagon-octagon rings) possessed a small but finite ferromagnetic moment. The nature 
of the ferromagnetic spin ordering was associated with edge-localized states of graphite flakes.  
Maiti et al.51 also showed that the bandgap of nanotubes could be modulated under an atomic 
deformation. This opens up a possibility of changing the conductance of SWNTs with mechanical 
strain.  
Another interesting topological defect of carbon nanotube (CNT) is the formation of 
compartments along the tube axis. Compartmentalized CNTs have been observed in pure, 
nitrogen-doped and boron-doped states.52-58 These compartmentalized CNTs are also termed 
bamboo-shaped (BS) nanotubes or carbon nanobells. Theoretical calculation59 indicates that the 
dopants of CNTs produce their own local strains and result in atomic-scale deformations, and 
consequently these doped CNTs tend to adopt a bamboo-shaped morphology. Scanning tunnel 
microscopy of Sun et al.60 revealed humps along the sidewalls of nitrogen-doped BS-nanotubes, 
which are attributed to the presence of an acceptor state. Pure CNTs with bamboo-shapes have 
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also been synthesized, and the morphologies are particularly affected by the choice of catalysts.52 
Moreover, BS-nanotubes show better electrochemical properties than normal concentric-type 
nanotubes.52 These findings demonstrate an interesting interplay between the electronic properties 
of carbon nanotubes and the structure of carbon bond network. 
In this section 3.3, I report the first-principles study of single-walled carbon nanotubes 
with bamboo-shape and pentagon-pentagon 5-5 fusion ring. Previous semi-empirical (PM3) study 
of bamboo-shaped nanotubes shows such structures are stable.61 However, a density functional 
theory (DFT) study of bamboo-shaped nanotubes will provide better insights into its electronic 
properties. The variation of local density of electronic states (LDOS) is investigated along the 
BS-nanotubes axes and chemical reactivity of the topological defects is also studied using frontier 
orbital theory of Fukui, which was further developed by Parr and Yang.62 From the calculation, 
the strong resonance of LDOS and chemical activity are both found to correlate to topological 
defects of the bamboo-shaped structure.  
 
3.3.1. Computation methods 
The self-consistent field (SCF) electronic structure calculations are performed based on 
density functional theory (DFT) with localized basis (Dmol3 available from Accelrys).4 A double 
numberical basis including d-polarization function (DND) is used for the relativistic all-electron 
SCF calculations. The density functional is treated by the local density approximation (LDA) 
with exchange-correlation parametrized by Perdew and Wang.63 Geometry optimisations are 
performed with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with convergence 
criterion of 10-3 au on gradient and displacement, and 10-5 au on the total energy and electron 
density. The Harris functional64 is used to speed up the geometrical relaxation of the (10,0) 
bamboo-shaped nanotube only, and subsequent single-point energy calculations are carried out 
without the use of Harris functional. Polatoglou et al.65 had applied the LDA-Harris functional to 
study sp- and d-bonded metals (Be, Al, V, and Fe), covalently bonded Si and ionic NaCl solids, 
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and the calculated cohesive energies, lattice constant and bulk moduli compared well with those 
derived from conventional fully self-consistent calculations. Noteworthy, experimentally 
observed bamboo-shaped carbon nanotube are multi-walled carbon nanotubes, and presently 
there is no report of bamboo-shaped single-walled carbon nanotube. Thus the use of Harris 
functional to model the structure of hypothetical bamboo-shaped (10,0) SWNT is assumed to give 
a reasonable structural approximation. In addition, DFT calculations of (5,5) nanotube with 
heptagon-pentagon pair defect (consists of a pentagon-pentagon 5-5 fusion ring, see Figure 3.18) 
have been carried out to elucidate the role of pentagon defects. We denote this particular 
heptagon-pentagon pair defect with 5-5 fusion ring simply as 7557 defect. Five k points along the 
direction of the tube axis were chosen according to the Monkhorst-Pack scheme34 for the 
sampling of k points in the Brillouin zone. Good convergence was obtained with these 
parameters. A hexagonal lattice was used to simulate the single-walled nanotubes, with a wall-to-
wall distance of at least 10Å, sufficient to avoid in-plane interactions between nanotubes in 
adjacent unit cells. The unit lengths of bamboo-shaped (10,0), (12,0) and (5,5) are 12.68Å, 8.46Å 
and 9.76Å respectively. The Fukui function is determined for a radical attack, f0(r), which 
represents the average of the Fukui functions for electrophilic, f-(r), and nucleophilic attacks f+(f). 
The Fukui function measures the sensitivity of the charge density, ρ(r), with respect to the loss of 
electrons (electrophilic attack, f-(r)), or gain of electrons (nucleophilic attack, f+(r)) via the 
expressions: 
                                                   f+(r) = [ )()(1 rr
N NN
ρρ −∆ ∆+ ]                                          [3.5] 
                                                   f-(r) = [ )()(1 rr
N NN ∆−
−∆ ρρ ]                                            [3.6] 
The Fukui functions are computed using finite difference approximation and the self-consistent 
charge densities for neutral molecule, cation and anion. A value of ∆N=0.1 is used in the 
computation in order to achieve faster SCF convergence. 
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Figure 3.15. Relaxed geometries of bamboo-shaped (a) (10,0) nano




3.3.2 Density of States and Fukui functions 
The relaxed geometries of the bamboo-shaped (10,0) and (
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central pentagon, and it is curved toward one ends of the tube. This compartment of BS-(10,0) is 
similar to the tip of C70. Similarly, the BS-(12,0) nanotube was constructed by joining a coronene 
molecule with two pure zigzag (12,0) nanotubes (see Fig 3.15b). The C-C bond lengths of the 
relaxed BS-(10,0) and BS-(12,0) nanotubes have a range of 1.38-1.49Å and 1.37-1.51Å 
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drastically. Likewise, a strong resonance of LDOS peaks at -0.1eV and -0.65eV occurs at H 
carbon atoms. For G carbon atoms at the partition in the BS-(10,0) nanotube, the localized density 
is rather low.  The conduction band becomes almost depleted and only weak states are discernible 
in the valence band. Thus the LDOS of BS-(10,0) along the tube axis exhibits a strong resonance 
at F and H, the positions adjacent to the partition of the BS-tube and a relatively weaker 
resonance at D and J.  The LDOS peak at -0.65eV is observed for all carbon positions while the 
resonance state at -0.1eV is observed mainly at the locations near the partition (G) of the bamboo 
structure and hence can be regarded as a defect acceptor state. The local increase in the density of 
states of BS-(10,0) suggests the high chemical reactivity, particularly, at the vicinity positions, F 
and H. 
Ab initio study indicates that pristine (12,0) nanotube is metallic due to the finite state 
density at the Fermi level.  However, the LDOS of BS-(12,0) nanotubes in Fig. 3.16b exhibit a 
small valley (pseudogap) at ~0.1eV above the Fermi level. The opening of a pseudogap has also 
been reported for doped metallic carbon nanotubes, e.g. adsorbed Cu atoms,42 surface 
functionalizaton and substitution,41 which is attributed to the broken symmetry of π⎯π* band.  In 
Figure 3.16b the LDOSs of BS-(12,0) show a mirror-image behaviour with respect to the partition 
R. Moving from N to O (likewise from V to U) an increment of the LDOS intensity at the Fermi 
level is noted and the peaks at about 0.6eV, 1.1eV, and -0.8eV rise. However, moving from O to 
P (likewise from U to T) the LDOS becomes similar to that at N (V) position.  For position Q 
carbon atoms, which involve the pentagon-hexagon ring, a large enhancement of LDOS is 
observed at about 0.7eV and -0.8eV, and the pseudogap deepened as well. For position R, carbon 
atoms at the partition of the bamboo-shaped (12,0) nanotube, the LDOS at the Fermi level and the 
conduction band are almost depleted, and only some weak states are observed at the valence 
level. This observation is similar to the LDOS of bamboo-shaped (10,0) nanotube as discussed 
previously. Thus the LDOS of BS-(12,0) nanotube exhibits a strong resonance at position Q and 
S, and a moderate resonance at position O and U.  
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Figure 3.17. Fukui function
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Figure 3.17 compares the Fukui function, f0(r), of pristine and bamboo-shaped nanotubes 
for radical attack. A uniform distribution of f0(r) field is noted both for pristine (10,0) and (12,0) 
carbon nanotubes, which means that pristine carbon nanotubes do not have any preferred site for 
chemical attacks. However the red f0(r) field in Fig. 3.17a indicates that (10,0) nanotube is more 
reactive than (12,0) whose blue f0(r) field in Fig. 3.17c denotes low reactivity. This could be due 
to the semiconducting and smaller diameter of (10,0) compared to (12,0) nanotube. Clearly, the 
f0(r) field of BS-(10,0) and BS-(12,0) is non-uniform and strongly polarized around the F and H 
carbon atoms in (10,0) and O and Q in (12,0) (see Figs. 3.17b and 3.17d). A slightly higher 
reactivity is also noted around the D and J carbon atoms in (10,0), though not as reactive as the F 
and H carbon atoms. Thus the topological defects of bamboo-shaped structure have generated 
preferred sites for chemical attacks. Interestingly, the reactivity of the bamboo-shaped nanoutubes 
(i.e. Fukui function, f0(r)) is closely related to the calculated LDOS. Generally, high f0(r) regions 
of the BS-nanotubes coincide with the sharp resonant states. This finding qualitatively agrees well 
with literature that the tip of carbon nanotube possesses resonant state and it is most likely to be 
susceptible to chemical attacks.48,49
To understand the roles of pentagon defects of bamboo-shaped nanotubes better, the 
electronic properties and Fukui function of a (5,5) nanotube with a heptagon-pentagon pair defect 
(7557 defect), which consists of a pentagon-pentagon 5-5 fusion ring, are investigated. This 
particular 7557 defect is different from the Stone-Wales defect (5775 defect) which has a 
heptagon-heptagon 7-7 fusion ring. The purpose of choosing this particular 7557 defect with a 5-
5 fusion ring is to elucidate the electronic and chemical reactivity of pentagon defects. The fully 
relaxed structure and bond lengths of the 7557 defect are shown in Figure 3.18. Particularly, the 
C1-C2 bond length of the 5-5 fusion ring is 1.59Å (sp3 bond) which is longer than the normal C-
C bond length (~1.42Å) of graphite. 
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Figure 3.18. (a) Relaxed structure, bond lengths and (b) localized density of states of (5,5) 
nanotube with a pentagon-pentagon fusion ring. The Fermi level is located at 0eV. The LDOS has 




Figure 3.18b shows the LDOS of the (5,5) nanotube with a 7557 defect. A sharp resonant 
peak at -0.68eV is noted at carbon “e”. Therefore the sharp resonance at -0.68eV in (5,5) 
nanotube with 7557 defect is attributed to the presence of the pentagon-pentagon fusion ring. 
Figure 3.19 shows the Fukui function of (5,5) nanotube with 7557 defect. A very high chemical 
reactivity is concentrated at the 5-5 fusion ring, while a much weaker chemical reactivity is noted 
at the heptagon rings and the defect-free regions. Similarly the observation of high chemical 
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reactivity at the 5-5 fusion ring is strongly correlated the sharp resonant states. The presence of a 
5-5 fusion ring distorts the sp2 carbon network into sp3 (bond length of C1-C2 1.59Å), and 
consequently an electron localized on the sp3 orbital tends to be more reactive. Therefore, on the 
basis of the DFT calculations of SWNTs with bamboo-shape and 5-5 fusion ring, it can be 
surmised that the observation of sharp resonance and high chemical reactivity comes from the 









Figure 3.19. Fukui functions (FF) for radical attack computed for a (5,5) nanotube with a 
pentagon-pentagon fusion ring. Isodensity surface is set from zero (blue color) to 0.008 (red 




The electronic properties of SWNTs with bamboo-shape and 5-5 fusion ring are 
reminiscent of the electronic properties of bent SWNTs or SWNTs with semiconducting-metal 
junctions.66,67 For example, Lambin et al.66 had studied the structural and electronic properties of 
bent carbon nanotubes which possessed a pair of diametrically opposed pentagon and heptagon 
defects. These bent carbon nanotubes can be constructed by joining a zigzag (n,0) nanotube and 
an armchair (m,m) nanotube with similar diameters. The presence of such odd-membered rings 
(particularly pentagon rings) destroyed the electron-hole symmetry of the DOS within the vicinity 
of the defects, and the distribution of the unoccupied states was more affected than that of the 
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occupied states. When moving from the pentagon defect along the axis of an armchair nanotube, 
the local density of states was noted to oscillate around the value of the DOS plateau of the 
nanotube. The Fermi wavelength, which is three times the lattice constant of an armchair 
nanotube, controls the period of the LDOS oscillation. The oscillations of the DOS indicate the 
presence of standing waves generated by metallic Bloch states with wave vectors close to the 
Fermi kF, and the stationary Bloch wave takes place over a large distance in front of the interface 
and its period is triple that of the isolated nanotube.68,69 A similar situation is also observed for the 




The electronic and chemical properties of single-walled carbon nanotubes with 
topological defects have been investigated using DFT calculations. Our results indicate that 
resonance of local density of states occurs at topological defects of the bamboo-shape and 
pentagon-pentagon defects, and the chemical reactivity is correlated to these resonant states. The 
increased chemical reactivity of bamboo-shaped carbon nanotubes strongly suggests that these 
unique tubes might be more suitable for electrochemical biosensors and gas sensors. In addition, 
it provides qualitative insights into the electronic and chemical properties of experimentally 
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3.4. Molecular simulations of carbon nanotube-H2 interactions. 
Introduction 
The advent of single-walled carbon nanotubes has rekindled the interests of storing 
hydrogen in carbon materials. Dillon et al.70 first reported the hydrogen storage behavior of 
unpurified SWNT using thermal desorption spectroscopy (TDS) technique. In her experiments, 
she soaked the SWNT (and mesoporous activated carbon as comparison) sample in 300torr of H2 
pressure at 133K and then cooled the sample to 90K. The H2 desorption of the H2-loaded SWNT 
was monitored as the sample was heated from 90K to 500K under high vacuum TDS. It was 
noted that only the TDS of SWNT sample exhibited an additional H2 desorption signal at 288K. 
Both activated carbon and unpurified SWNT samples exhibited H2 desorption signals at ~120K, 
which is the expected H2 desorption of H2-carbon system. The significance of the H2 desorption 
signal at 288K strongly suggests that H2-loaded SWNTs are capable of retaining H2 close to room 
temperature before desorption occurs. Since the H2 desorption peak at 288K was not observed for 
activated carbon (without SWNT), Dillon et al.70 ascribed the observed H2-desorption signal at 
288K to the unique condensation of H2 inside SWNTs under conditions that did not occur in a 
mesoporous activated carbon. The desorption activation energy of H2-loaded SWNT at 288K was 
estimated to be 19.6kJ/mol (~202meV). However the condensation of H2 inside SWNT bundle 
was very unlikely because the experiments were conducted at temperatures higher than the 
critical temperature of H2 (33.2K). Furthermore, Dillon et. al.70 projected that purified SWNTs 
had a high H2 storage of ~5-10wt% (the H2-desorption signal of the unpurified SWNT sample at 
288K accounted for ~0.01wt% storage in her report).  
However, experimental studies on the hydrogen storage of carbon nanotubes are often 
inconclusive and even contradictory. Initial reports on the H2 storage of carbon nanotubes gave 
high uptakes of ~4.2-8wt%.71 However, these results did not survive a round robin test conducted 
by other research groups (see review papers by Hirscher and co-workers71). Recent investigations 
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have reported a much lower H2 storage, ie ≤1wt% at room temperature and moderate pressure 
conditions. Arguably, the reasons for the wide discrepancy were the lack of systematic 
characterization methods for nanosized materials and different quality of the samples used71.   
It is well known that activated carbon and fiber possess nano-sized pores or slits 
(micropore size ~2nm-0.36nm). How does the H2 storage mechanism of SWNT bundles and 
MWNT be different from activated carbons? What are the strategies to optimize the H2 storage 
capacity of carbon nanotubes? Modeling of H2-CNT interactions will give insights into its H2 
storage mechanism and optimization. 
Figure 3.20a shows an idealized model of hexagonally packed ‘ropes’ of (10,10) SWNT 
(Φd~1.37nm) and the spacing of the interstitial channel is assumed to be ~0.32nm. Monte Carlo 
simulations72 of physisorption of H2 in bundles of open-capped SWNTs suggest 4 possible 
adsorption sites (and binding energies): (i) external surface of the bundles (63meV), (ii) groove of 
the bundle (89meV), (iii) inside of the nanotubes (49meV) and (iv) interstitial channels of the 
bundles (119meV), which are generally higher than the binding energy on activated carbon73,74 
(~40-50meV). The higher binding energy of H2 on the interstitial channels of the SWNT bundles 
has been suggested for storing H2 at room temperature.  
J. Zhao et. al.75 employed a density functional theory (DFT, see Figure 3.20c) to evaluate 
the binding energy of H2 onto a bundle of (10,10) SWNT for (i) outside surface (94meV), (ii) 
groove (114meV), (iii) inside tubes (111meV), and interstitial channels (174meV). On the basis 
of DFT calculations, storing H2 via interstitial channels of SWNTs is also more favorable than the 
hollow cavities, which is consistent with Monte Carlo methods. The differences in the absolute 
values of binding energies of H2-SWNT interaction suggest a limitation of theoretical calculations 
which serve only as a guide. 
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Figure 3.20. (a) Schematic packing of an idealized SWNT (10,10) bundle showing 4 possible 
binding sites and energies for H2 calculated by Monte Carlos method72. (b) Herringbone and 
concentric MWNTs with exposed graphitic edges as potential sites for H2 chemisorption66. (c) 
DFT calculations75 of H2-SWNT bundle interactions. 
 
 
Multi-walled carbon nanotubes can adopt either herringbone structures or concentric 
layers (see Figure 3.20b). The exposed graphitic edges (interlayer distance ~0.34nm) are 
proposed to be potential chemisorption sites for carbon-hydrogen (C-H) bond formation76. 
Moreover the internal cavity of carbon nanotubes has been demonstrated store fluid via capillary 
effects. Chamber et al.77 claimed a 60wt% H2 uptake was achieved by carbon nanofibers and 
proposed that the H2 molecules (kinetic diameter, ~0.29nm) can intercalate into the slightly larger 
interlayer spacing of carbon nanofiber (~0.34nm, herringbone structure). However, this extremely 
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high H2 uptake could not be confirmed by other research groups and it is suggested that 
intercalation of H2 into the graphitic interlayer spacing is most unlikely to happen78. On the other 
hand, wedging the interlayer spacing of graphitic materials with appropriate intercalatants78 has 
been suggested to be a good strategy to enhance the overall H2 storage. Nonetheless, on the basis 
of theoretical considerations, SWNT bundles and MWNTs give rise to new and interesting 
concepts of gas storage properties. 
 Although there are numerous reports on the simulation of H2 storage of carbon 
nanotubes, there are still several shortcomings and gray areas in the reports. Ab initio density 
functional theory (DFT) calculations have been widely employed to study the physisorption of H2 
on carbon nanotubes. However, ab initio DFT methods, which are based on the local electronic 
density, gradient and kinetic energy density, are inadequate to describe the interaction energy at a 
distance where the electronic overlap is very weak. In other words, DFT methods are not 
appropriate to study a physisorption process whereby the nature of interactions is mainly van der 
Waal (vdW) forces. Sometimes the local density approximation (LDA)79 might provide a good 
estimate for the interaction energy of a physisorption process, but it is argued that the results are 
unphysical and largely fortuitous due to favorable error cancellations.80 On the other hand, ab 
initio DFT calculations are suitable for chemisorption of hydrogen, which involves bond breaking 
and formation. Recently, Du et al.81 reported a van der Waals-corrected DFT study of hydrogen-
nanotube interactions and the results give a good estimate for the physisorption process. Another 
gray area of H2-nanotube simulations is the geometry of SWNT bundles. The SWNT bundles are 
always presumed to be hexagonally assembled (as in Fig 3.20c) with a tube-to-tube distance of 
~0.32nm. The interstitial channels are assumed to be accessible to H2 molecules and often it is not 
clear whether the insertion of H2 molecules will upset the packing of the SWNT bundles. In most 
calculations a H2 molecule is artificially inserted in the interstitial channels and then the 
adsorption energy is evaluated. Recent simulations78,82, which specifically consider the interstitial 
channels as potential H2 storage sites, take into the account of the re-organization of the SWNT 
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bundles and reveal that the tube-to-tube distance has to be wedged to a much larger distance in 
order to store an appreciate amount of H2 in SWNT bundles.  
In this section 3.4, the interactions of H2 and carbon nanostructures (graphene sheets and 
nanotubes) are studied using molecular mechanics (MM) and molecular dynamics (MD). The 
Universal forcefield (UFF)83 is used to parameterize the van der Waals interactions between the 
H2 molecule and carbon surfaces. The results of UFF-based calculations are mostly consistent 
with recent simulations, except that the interstitial channels of smaller diameter SWNT bundles 
are determined to be unfavorable for H2 adsorption. The pressure-composition-isotherms (PCI) of 
H2-nanotube bundles are carried out to estimate the H2 weight percent storage. 
 
 
3.4.1. Computational Methods 
The H2 uptake of CNT is a physisorptive process and the interactions are due to van der 
Waals forces. The Forcite module available in Material Studio is employed to model gas-solid 
H2-carbon interactions. Forcite is collection of molecular mechanics (MM) tools that allow one to 
investigate large systems with thousands of atoms. The key approximation of MM is the use of a 
classical forcefield to represent the potential energy surface where the atomic nuclei move on. 
Five forcefields are available in Forcite: (i) COMPASS (Condensed-phase Optimized Molecular 
Potentials for Atomistic Simulation Studies), (ii) Dreiding, (iii) Universal, (iv) cvff (Consistent 
Valence ForceField), and (v) pcff (Polymer Consistent ForceField). The choice of a forcefield is 
crucial for reliable MM simulations, and the Universal forcefield (UFF) is tested to yield the best 
estimate, as compared to the other four forcefields, for H2-carbon interactions (see below). The 
conjugate gradient algorithm is used for the Forcite geometry optimization and the convergence 
tolerance is set at “Ultra-fine” quality. 
The potential energy of an arbitrary geometry for a molecule is expressed as a sum of 
bonded (valence) interactions and nonbonded interactions: 
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                                                E = ER + Eθ + Eφ + Eω + Evdw + Eel                                              [3.7]  
                                                              valence             nonbonded 
The valence interactions include bond stretching (ER) and angular distortions [bond angle bending 
(Eθ), dihedral angle torsion (Eφ), and inversion (Eω)]. The nonbonded interactions consist of van 
der Waals (Evdw) and electrostatic (Eel) terms. The van der Waals interactions are described by the 
Lennard-Jones potential. It is noted that for the study of hydrogen-carbon systems the van der 
Waals term is important and the rest of the terms are spectator terms.  
The interactions of H2-graphene and H2-nanotube are simulated with cluster models. All 
the dangling bonds of the clusters are saturated with H-bond and made as large as possible to 
avoid any interactions from the C-H bonds. The lengths of individual carbon nanotubes and 
SWNT bundles are at least 5-10 times its diameters and the center portion of the nanotube / 
SWNT bundle is used for the evaluation of the potential energy curves. The adsorption energy 
(Ea) of a H2 molecule is defined as:  
                           Ea = E[adsorbent + H2] – E[adsorbent] – E[H2 molecule]                  [3.8] 
The negative value of Ea corresponds to energy gain upon adsorption. 
In addition, the pressure-composition-isotherms (PCI) of uncapped SWNT bundle-H2 
interactions are obtained using the Sorption module available in Materials Studio. The PCI 
consists of a series of fixed pressure simulations at a set temperature. In each fixed pressure 
simulation, the configurations are sampled from a grand canonical ensemble. The Metropolis 
Monte Carlo method84 is applied for the simulations in which trial configurations are generated 
without bias. In this method, the H2 molecule (sorbate) is treated as a rigid body, and only rigid 
body translations and reorientations are incorporated. The Metropolis sampling scheme is also 
used to map the H2 density profile of SWNT bundles. The interaction energies are parameterized 
using the Universal forcefield. The SWNT bundles are composed of armchair nanotubes and the 
periodic lengths of the supercells are set at 4 times its unit cell.  
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3.4.2. Hydrogen-graphene sheet interactions 
Figure 3.21 shows a fragment of a flat graphene sheet and five possible adsorption sites 
of H2 molecules. Static calculations of potential energy have been carried out to investigate the 
interaction of the H2 molecules with the graphene sheet. The axis of the H2 molecule is parallel to 
the graphene sheet at site A (center of hexagon ring) and site B (mid-point of the C-C bond), 
while the axis of H2 is perpendicular to the graphene sheet at site C (center of hexagon ring), site 
D (mid-point of the C-C bond) and site E (top of a C atom). These sites are also defined for H2 












Figure 3.21. Configurations of H2 adsorbed on a flat graphene sheet. The H2 molecular axis is 
parallel to the graphene sheet at adsorption site A (center of hexagon ring) and site B (carbon-
carbon bond).  The H2 molecular axis is perpendicular to the graphene sheet at adsorption site C 
(center of hexagon ring), site D (carbon-carbon bond) and site E (top of a carbon atom). These 
sites are also defined for H2 adsorbing on the outside surface of SWNT. 
 
 
Figure 3.22a shows the potential energy curves for flat graphene sheet-H2 interactions at 
different adsorption sites calculated within the Universal forcefield. The adsorption energies of 
H2 on a graphene sheet vary from 52-69meV, dependent on the orientation and location of the H2 
molecule. The strongest adsorption is at site A. The diffusion barrier of a H2 molecule on a 
graphene sheet is very weak ~17meV. The magnitude of the adsorption energy for a graphene-H2 
interaction is well within a physisorption process (50-500meV), and the present UFF-based 
estimate (Ea=69meV, d=2.92Å) is in good agreement with the recent van der Waals-corrected 
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DFT calculation81 (Ea=60meV, d=2.92Å) and experimental estimate73,74 (Ea=42meV, d=2.87Å). 
The UFF-based estimate of Ea is higher than the experimental value because experimentally a 
monolayer of H2 is adsorbed on the graphitic surface, while a single H2 molecule is adsorbed on 
the graphene sheet in the simulation. Furthermore the experimental value of Ea is expected to be 











Figure 3.22. (a) Potential energy curves of a flat graphene sheet-H2 interaction calculated by 
Universal forcefield. The adsorption sites are A (-■-), B (-■-), C (-▼-), D (-♦-), and E (-∇-) as 
defined in Fig 3.21. (b) Potential energy curves of a flat graphene sheet-H2 interaction calculated 
by different forcefields: COMPASS (-■-), Universal (-■-), cvff (-▲-), pcff (-►-), and Dreiding (-
○-). The adsorption site A was used only.  
 
 
The reliability of the Universal forcefield is tested against other available forcefield 
types. Figure 3.22b compares the graphene-H2 interactions for adsorption site A using different 
forcefields. It is noted that potential energy curves obtained by COMPASS, which is an ab initio 
forcefield and the parameters were derived from ab initio-based data, are almost repulsive and 
have a very weak attractive range (>-4meV). This is similar to DFT calculations using the 
generalized gradient approximation (GGA) reported in literature. The potential energy curve 
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obtained by the Drieding forcefield (data are beyond the display range, and only 2 points can be 
seen) fails to produce any local minima and some points blow up unexpectedly. The Ea value 
obtained by pccf is ~30meV which is lower than experimental Ea value. On the other hand, cvff 
yields an Ea value of 76meV which is slightly larger than the Ea value determined by UFF. Thus 
COMPASS, pcff and Drieding forcefields are not suitable for the calculations of grahpene-H2 
interactions. The potential energy curve based on cvff is similar to that of Universal forcefield 
and both forcefields are deemed suitable for the calculations (there is not hard rule to determine 
which forcefield really give the “accurate” Ea value due to the nature of the present calculations). 
However, the application of Universal forcefield is still preferred over cvff because cvff is 
parameterized mainly for amino acids, water and a variety of functional groups. UFF has a full 
coverage of the periodic table and it is used for organic molecules, main-group inorganics and 
metal complexes. It is also suitable for organometallic systems and other systems for which other 
forcefields do not have parameters. More importantly, the UFF-based geometry optimizations of 














Figure 3.23. Potential energy curves of curved graphene sheets with curvature similar to (10,10) 
(square symbols) and (30,30) (triangle symbols) nanotubes. Solid and open symbols denote 
concave and convex side of the curved graphene sheets. Inset shows the curved graphene sheets 
with (10,10)-like and (30,30)-like curvature.  
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The calculated physisorption energy of a flat graphene-H2 interaction indicates that it is 
too weak for practical application to hydrogen storage because of the unstable physisorbed state 
at room temperature (see below on molecular dynamics simulations). On the other hand, it is 
found that curved structures of graphene significantly enhance the physisorption energy of a H2 
molecule. The potential energy curves of H2 molecules on curved graphene sheets are shown in 
Figure 3.23. The curvatures of the curved graphene are similar to (10,10) and (30,30) carbon 
nanotubes (simply called the curved graphene as (10,10)-like and (30,30)-like sheets). The 
adsorption energies are determined to be different for the two sides of the curved graphene. The 
concave side of the curved graphene sheet has a higher Ea value than the convex side. 
Particularly, the adsorption energy of a (10,10)-like graphene sheet is increased to about 100meV 
at the concave side, while the Ea value at the convex side is about 66meV. Hence the results of 
Figure 3.23 indicate that single-walled carbon nanotubes, particularly the inner hollow of the 
tube, might yield higher H2 adsorption energies. 
 
3.4.3.Hydrogen-carbon nanotube interactions 
Figure 3.24a shows the adsorption energy of a H2 molecule on the outer surface of a 
single (5,5) nanotube. The configurations of the H2 molecule adsorbing on the external surface of 
a (5,5) nanotube is defined as given in Fig 3.21, except that at the site A where the axis of the H2 
molecule at the center of the hexagon ring can be either perpendicular or parallel to the nanotube 
axis. The highest adsorption energy of a H2 molecule is ~65meV at Site A, while the lowest 
adsorption energy is ~45meV at site E. The adsorption energies of H2 at site A are almost the 
same whether the hydrogen axis is parallel or perpendicular to the tube axis. 
The effects of nanotube chiralities and double-walled layers on the adsorption energy of 
H2 are presented in Figure 3.24b. The (8,0), (6,4) and (5,5) nanotubes have similar tubular 
diameter (~6.3-6.8Å), and the adsorption energies of hydrogen molecule on these tubes are 
almost the same and independent of chirality. The Ea of a double-walled carbon nanotube 
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(DWNT) (3,3)@(8,8), which has the same outer diameter as a (8,8) nanotube, is 71meV while the 
Ea of (8,8) nanotube is 66meV. Although the increment of Ea value is not substantial, the 
beneficial effects of having an inner tube in DWNT are clear. In addition, Miyamoto et al.85 
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bundle is ~3.2Å without further quantification. Thus, as shown in Fig 3.25, the geometrical 
meaning of the interstitial channels spacing is indicated by the dotted circle. The closest tube-to-
tube distance in the relaxed SWNT bundles are ~3.2Å regardless of the diameters, which is very 
close to the experimental estimate86 of 3.15Å (see Fig 3.29 for more relaxed SWNT bundles). The 
interstitial channel spacing of SWNT bundle is defined as the diameter of a circle that can be 
fitted into the IC. The interstitial channel spacing of (5,5) and (10,10) bundles are 4.17Å and 
5.01Å respectively. The interstitial channel spacing of (5,5) bundle is not unfavorable for H2 














Figure 3.25. (a) Cross-sectional view of relaxed (5,5) and (10,10) bundles which possesses 
several adsorption sites for H2 molecule at the surface (S), pore (P), groove (G), and interstitial 
channels (IC). The interstitial channel spacing is defined as the diameter of a circle (dotted) that 
can be fitted in the IC. 
 
 
The potential energy curves of H2-(5,5) bundle interactions are shown in Figure 3.26. The 
axis of the H2 molecule is set to be parallel to the bundle axis, unless otherwise stated. The 
adsorption energy of H2 on external surface of a (5,5) bundle is ~65meV at site A, which is 
identical to the Ea value of a single (5,5) tube. The adsorption energy of H2 at the groove of the 
(5,5) bundle is ~120meV which is significantly higher than the surface Ea. For uncapped SWNT 
bundle, the adsorption energy of the pore is determined to be ~180meV (170meV) for H2 axis 
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parallel (perpendicular) to the tube axis. The distance of H2 inside the pore is measured from the 
center of H2 to the circumference of the tube. The potential energy curve H2 molecule inside the 
pore of a (5,5) tube shows a narrow potential well of ~1Å width. However, positive adsorption 
energy of H2 (repulsive) is always determined when the H2 is inserted into the interstitial channels 
of (5,5) bundle. Even after a full geometry optimization, the Ea of H2 at the interstitial channels is 
still positive. In other words, the intercalation of H2 into the interstitial channels of a relaxed (5,5) 
bundle is energetically unfavorable. As a result, the adsorption energy of H2 at interstitial 
channels of (10,10) bundle, which has a larger IC spacing, is determined to be ~170meV. Thus an 
uncapped (5,5) bundle has only 3 useful adsorption sites, chiefly the outer surfaces, grooves and 
pores. It is surmised that for a capped SWNT bundle, the groove would be a favorable adsorption 
site and a reduction of the bundle size (i.e. creating more grooves) might enhance the amount of 
H2 uptake. To understand why the interstitial channels of (10,10) bundle are favorable for 
adsorbing H2 while the interstitial channels of (5,5) bundle are not, the Connolly surfaces87 of the 










Figure 3.26. Potential energy curves of SWNT bundle-H2 interactions at the (5,5) outside surface 
(site A, •), pore (•=H2 parallel to tube axis, ○=H2 perpendicular to tube axis), and groove (•). 
Adsorption energy curve of H2 in the interstitial channels of (10,10) bundle is denoted by (○). 
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which is attributed to vdW binding. The overlapping of the white border can also be observed in 
SWNT bundles, and this is the vdW forces that assembles the nanotubes into bundles. 
Furthermore, the vdW surfaces of a (10,10) bundle show that its interstitial channel spacing is 
large enough to accommodate H2 molecules. In contrast, the vdW surfaces of (5,5) bundle show 
that its interstitial channel spacing is too small to accommodate H2 molecules. Repulsion between 
H2 and the (5,5) bundle at the interstitial channels is indicated by the overlapping of the red 
region (vdW surface). It is confirmed that overlapping of the red region (vdW surface) is a sign of 
repulsion by plotting the vdW surface at location of the potential energy curve where it is 
positive. 
The H2 uptakes (weight percent, wt%) of uncapped (5,5) and (10,10) bundles are 
obtained from the simulated pressure-composition-isotherms (PCI) as shown in Figure 3.28. The 
simulated PCIs are conducted for (5,5) and (10,10) bundles, which consist of four nanotubes 
packed hexagonally, and the H2 uptakes are investigated as a function of pressure (from 0.01-
10MPa). An appreciate amount of H2 (~1-2wt%) is stored at 80K, while a diluted amount 
(≤0.5wt%) of H2 is stored in the SWNT bundles at 300K. Furthermore, the H2 uptakes of SWNT 
bundles reach saturation at ~1MPa and 80K (langmuir-type behaviour). The H2 uptakes of SWNT 
bundles are almost a linear function of pressure at 300K (Henry-type behaviour). The simulated 
H2 uptakes of SWNT bundles are in good agreement with experimental results (see section 7.2, 
page 171). At 300K, the H2 uptake of (10,10) bundle is almost the same as the uptake of (5,5) 
bundle over the pressure ranges. At 80K, the H2 uptake of (10,10) bundle (~2wt%) is higher than 
a (5,5) bundle (~1.25wt%), which can be attributed to the availability of the interstitial channels 
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Figure 3.28. Simulated Pressure-composition-isotherms of uncapped (5,5) and (10,10) bundle-H2 























Figure 3.29. Density field for H2 in uncapped (5,5), 
bundles. The red output field represents a density di
bundles under conditions of 1bar and 80K. φ and ϕ de
channel spacing respectively. Unit length is Å. 
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Figure 3.29 shows that density field for H2 (red spots) in uncapped (5,5), (7,7), (9,9), 
(10,10) and (11,11) nanotube bundles simulated at 1bar and 80K. The simulation shows that the 
SWNT bundles’ surface, groove and pore are possible adsorption sites for H2. For outside surface 
adsorption, the density field of H2 is concentrated above the hexagonal ring of SWNT and this is 
consistent with static calculations. The pore of the SWNT can accommodate more H2 molecules 
as the diameter increases. The adsorption of H2 in the interstitial channels occurs only for (10,10) 
and (11,11) bundles. The Metropolis sampling scheme reveals that a minimum IC spacing of ~5Å 
is needed to accommodate the H2 molecules. The results of the Metropolis sampling scheme are 
consistent with static calculations and van der Waals surface plot.  
 
 
Table 3.7. Comparison of adsorption energy† (meV) for a H2 molecule physisorbed on a 
graphene sheet and various carbon nanotubes. Adsorption sites A, B, C, D, E, and groove, pore, 
IC are defined as in Fig 3.21 and Fig 3.25 respectively.  
 
 A B C D E Groove Pore IC 
Graphene sheet 68.5 64.4 56.5 52.6 52 - - - 
Single (5,5) tube 63.0 57.5 52.3 46.6 44.3 - 180.1 - 
(5,5) bundle 63.8 - - - - 117.8 180.1 170.3‡
Single (6,4) tube 61.9 - - - - - - - 
Single (8,0) tube 61.4 - - - - - - - 
Single (8,8) tube 66.6 - - - - - - - 
(3,3)@(8,8) 70.0 - - - - - - - 
Ref 75 (LDA) 
(10,10) bundle 94 - - - - 114 111 174 
Ref 72 (Monte Carlo) 
(10,10) bundle 62 - - - - 89 49 174 
Ref 81 (LDA + vdW) 
Single (8,8) tube 60 - - - - - 80 76 
†maximum adsorption energy only 
‡(10,10) bundle 
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3.4.4. Conclusions 
Table 3.7 summarizes the adsorption energy of H2 on a graphene sheet, nanotube and 
nanotube bundle. Molecular mechanics and Monte Carlo simulations have been performed to 
study H2 physisorption of SWNTs. The Universal forcefield gives an excellent estimate H2 
physisorption of graphene and carbon nanotubes. Additionally, UFF-based geometry optimization 
of SWNT bundles is very close to the experimental observed lattice constant. Static calculations 
show that the adsorption energy is slightly lower (higher) than a flat graphene sheet for a H2 
physisorbed outside (inside) a (5,5) nanotube due to curvature effect. Assembly of SWNTs in 
bundle array gives rise to additional stronger adsorption sites such as groove (~118meV) and 
interstitial channels (~170meV). Although SWNT bundle possesses higher H2 adsorption energy, 
it does not automatically mean that the H2 storage capacity will be enhanced. For H2-graphite 
interactions, the Ea is ~40-50meV and the desorption temperature is ~80K. Therefore, the 
presence of H2 adsorption sites with higher Ea implies that higher desorption temperature can be 
observed. As demonstrated by Monte Carlo simulations, the H2 uptakes of SWNT bundles are 
very low (~0.5w% for (5,5) and (10,10) tubes) at 300K and the amount of H2 stored can be 
enhanced to ~1-2wt% at low temperature of 80K. Other factors such as defects, micropores, 
mesopores, charge transfer and catalytic centers can also affect the H2 storage capacity. The H2 
density field of SWNT bundles reveals that the interstitial channel spacing (as defined in present 
context) must be at least ~5Å so that H2 molecules can be intercalated in it.  
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Single-walled and multi-walled carbon nanotubes were synthesized via decomposition of 
methane over Co-Mo catalysts. A 5-step purification process was employed to purify the as-
synthesized carbon nanotubes. The carbon nanotubes were characterized using electron 
microscopy, thermo-gravimetric analysis, Raman spectroscopy, x-ray and ultraviolet 
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4.1. Synthesis and characterizations of carbon nanotube 
Introduction 
Carbon nanotube (CNT) is one of the most promising molecular structures, which has 
been envisioned for a wide range of future technological innovations. However the full potential 
applications of CNT will be hard to achieve unless the synthesis of CNT can be well controlled 
and optimized. There are several established synthetic methods to produce CNT, which include 
arc discharge1, laser ablation2, and chemical vapor deposition (CVD). For CVD methods, 
hydrocarbons (e.g. CH4, C2H2, C2H4)3-5, alcohol vapor6, and carbon monoxide7 have been used as 
the carbon source for the synthesis of CNT. Anodic aluminum oxide (AAO) template8 and 
plasma-enhanced CVD9 (PE-CVD) methods are also useful technique to fabricate neat arrays of 
CNT. Although arc discharge and laser ablation methods can produce high quality single-walled 
carbon nanotubes (SWNT), the available quantity can be limited. On the other hand, CVD may be 
a better choice for large-scale production of CNT. This method has already been implemented to 
scale up the production of multi-walled carbon nanotubes10. Rice University7 has pioneered the 
SWNT synthesis via high-pressure disproportionation of carbon monoxide (HiPco) process, 
which is able to produce 10g/day of high-purity SWNT.  
In this section 4.1, single-walled and multi-walled carbon nanotubes were synthesized via 
the CVD method. The as-synthesized CNT powder was purified using a multi-step purification 
process. Electron microscopy, thermogravimetric analysis, Raman spectroscopy and 
photoelectron spectroscopy were employed to characterize the purified CNT. The formation 
mechanism of CNT was also discussed. 
 
4.1.1. Decomposition of CH4 over Co-Mo catalyst  
Bulk quantities of carbon nanotube powder were synthesized by the CVD method. 
Methane (CH4) was chosen as the carbon source for the CNT growth because it is relatively safer 
and produces less amorphous carbon. The catalytic decomposition of CH4 (purity >99.95%) was 
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carried out with bimetallic cobalt-molybdenum (Co-Mo) catalysts for the production of SWNT 











Figure 4.1. Schematic setup of thermal CVD used for the synthesis of carbon nanotube. 
 
 
The mass flow controller controls two different gases flowing simultaneously into the 
tube furnace (e.g. CH4 and H2). The CVD setup was appended with a glass vessel (labeled 2 in 
Fig 4.1) for the generation of other chemical vapors. For example, heating ammonium carbonate 
salts in the glass vessel, ammonia (with CO2) gas can be generated. Likewise, acetonitrile 
(CH3CN) vapor can be produced for the synthesis of nitrogen-doped carbon nanotubes (see 
Chapter 6, page 149).   
The Co-Mo catalysts were dispersed over an oxide support. Magnesium oxide (MgO) 
support was preferred to other supports (Al2O3, SiO2 and zeolites) because common acids can 
easily remove the MgO support. The role of the support was to prevent the agglomeration and 
sintering of the Co-Mo catalysts at high temperature. The sintering of the Co-Mo catalyst was 
undesirable, as it would decrease the activity of the catalyst and result in poor growth of carbon 
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nanotubes. The addition of molybdenum increases the yield of carbon nanotube and suppresses 
the formation of amorphous carbon11.   
The catalysts were prepared by wet mechanical mixing and combustion technique, with 
citric acid as foaming and combustion additive. The use of citric acid as a fuel results in milder 
combustion and larger specific surface area of metal oxide support. From a catalytic viewpoint, a 
larger surface area of metal oxide support is desirable because the bimetallic Co-Mo is better 
dispersed and the interactions with CH4 and H2 molecules are improved. 
The weighted amounts of catalyst ingredients (nitrate salts: Mg(NO3)2⋅6H2O, 
Co(NO3)2⋅6H2O, and molybdenum salts: (NH4)6Mo7O2⋅4H2O) in molar ratio denoted as 
CoαMoβMg1-α-βO were dissolved in 5ml of water, following by the addition of 4g citric acid. The 
resulting aqueous solution was gelled at ~60oC while constant stirring. It was then put directly 
into a furnace held at 550oC to be baked for at least 2 hour. A beige foamy product was obtained 
and grinded into fine powder. Table 4.1 gives the detailed composition of catalysts and the 
corresponding synthesized CNT. 
 
Table 4.1. Composition of catalysts used for the synthesis of CNT. 
No. Types of carbon nanotube Composition of catalyst 
1 SWNT 
Co0.05Mo0.025Mg0.925O: 10g Mg(NO3)2⋅6H2O + 0.222g Co(NO3)2⋅6H2O 
+ 0.134g (NH4)6Mo7O2⋅4H2O 
2 MWNT (10-30nm) 
Co0.1Mo0.1Mg0.8O: 10g Mg(NO3)2⋅6H2O +  1.42g                
Co(NO3)2⋅6H2O + 0.862g (NH4)6Mo7O2⋅4H2O 
 
 
 The production of CNT was carried out in a horizontal quartz tube furnace (see Fig 4.1). 
Typically, ~0.2g of the supported Co-Mo catalyst was heated in a continuous flow of CH4-H2 
mixture (flow rate of H2 and CH4, = 50:20sccm/min respectively) at ambient pressure. The 
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furnace temperature was heated up quickly from room temperature to 400oC and held for about 
~30 minutes to purge away air and moisture, as the catalyst tends to adsorb considerable amount 
of moisture. The furnace was then heated at a rate of 5oC/min up to a maximum of 1000oC with 
no dwell time. Once the temperature reached 1000oC, the CH4-H2 supply was cut off and the 
samples were cooled down naturally under nitrogen gas protection.  
 
4.1.2. Purification process of CNT 
The as-synthesized CNTs are often contaminated with residual catalysts and amorphous 
carbon. Therefore it is pertinent to remove these impurities so that the characterizations of CNT 
can be more accurate.  In order to obtain high quality carbon nanotube, a multi-step purification 
process was carried out to remove the impurities. Figure 4.2 summarizes the purification process 








Figure 4.2. Purification process of as-synthesized CNT powder. 
 
 
In step 1, the as-synthesized CNT powder was air-annealed at 450oC for 90min to remove 
the amorphous carbon. It is known with hindsight that the oxidative temperatures for amorphous 
carbon, SWNT and MWNT are about 330-400oC, 500-600oC and 700oC respectively (see below, 
Fig 4.5-4.6). Therefore air oxidation at 450oC is sufficient to burn off the amorphous carbon 
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without damaging the CNT. In step 2, the CNT was briefly sonicated and stirred vigorously in 
12M HCl acid so that metal catalysts trapped inside the entanglement of CNTs can be removed 
effectively. This is followed by step 3 whereby the acid-washed CNT was filtered, rinsed with 
distilled water and air-dried at 80oC. Step 4 was proposed by M. Shiraishi et al.12 as an additional 
step to rid the external surfaces of CNT from amorphous carbon. In step 5, the CNT was annealed 
at 1000oC for 2hr in argon / helium gas (purity ≥99.9995%) to remove surface oxides that might 
be formed during the acid treatment and to improve its crystallinity13. Step 5 was crucial for 
















Figure 4.3. Scanning electron micrographs of (a) as-synthesized and (b) purified SW
Transmission electron micrograph of a purified SWNT bundle. (d) High resoluti
micrographs of purified SWNT. 
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4.1.3. Characterizations of carbon nanotube 
Electron microscopy 
Figure 4.3 shows the electron microscopy
20 S-twin and SEM, JEOL JSM-6700F) of the S
dense bundles of SWNT can be seen growing ou
SWNT after the 5-step purification process. The
estimated to be around 10-50nm, and length of te
SWNTs were estimated to be from 0.9nm-1.3nm
4.3d). Furthermore, the external surfaces of the pu
have amorphous carbon. Figure 4.4a-b show the e
the 5-step purification process. The outer diameter
length of tens of micrometer. Thermogravimet




 (b)(aand (b) transmission electron micrograph of 
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t of the Co-Mo cluster. Figure 4.3b-d show the 
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Figure 4.5. (a) TGA and (b) differentiated TG (DTG) of as-synthesized SWNT (black line), step 
4 purified SWNT (blue line), and step 5 purified SWNT (red line). Temperature ramp rate = 












Figure 4.6. (a) TGA and (b) differentiated TG (DTG) of as-synthesized MWNT (black line), step 
4 purified MWNT (blue line), and step 5 purified MWNT (red line). Temperature ramp rate = 
10oC/min in 10% O2/Ar. 
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Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA and differentiated TG (DTG), PERKIN ELMER 
TGA7) is a useful tool to monitor the combustion of carbon nanotubes in air, which can be related 
to the purity and quality of the carbon nanotube. In a typical TGA run, ~20mg of the CNT 
samples were loaded into a ceramic cup and held at 100oC for 2hr to remove moisture. The 
temperature was increased at 10oC/min from 100oC to 950oC in 10%O2-90%argon carrier.  
Figure 4.5 and Figure 4.6 show the TGA-DTG analysis of SWNT and MWNT samples 
respectively. In general, the burning temperatures of the as-synthesized CNTs were much lower 
than the purified and annealed CNTs. The as-synthesized SWNT had a broad oxidation 
temperature and it was estimated from DTG curve (Fig 4.5b) that there were 3 ignition points 
located at ~455oC, 522oC and 603oC. The ignition temperature at 455oC was attributed to the 
burning of amorphous carbon14, and the residual catalyst induced SWNT to be burned off at a 
lower temperature of ~522oC onwards. The presence of metallic particles is known to assist in 
burning off the amorphous carbon, but also reduces the overall oxidation temperatures of carbon 
nanotubes15.  
The oxidation temperature of as-synthesized MWNT exhibited a clear ignition at ~569oC 
(Figure 4.6b). The absence of an ignition temperature at ~450oC for the as-synthesized MWNT 
might be due to the use of higher molybdenum ratio in the Co-Mo catalyst, which effectively 
suppresses amorphous carbon formation. The carbon content of the as-synthesized SWNT and 
MWNT are about 65% and 72% as estimated from the remaining metal oxides. After the 5-step 
purification process, the metal content was reduced to <3%. For convenience, high temperature 
annealing at 1000oC was performed in-situ with argon gas (purity >99.9995%) in the TG 
equipment. The temperature was raised at 5oC/min to 1000oC and the CNT samples were 
annealed for 2hr in argon atmosphere.    
On the basis of the DTG curves, the oxidation temperatures of the SWNT and MWNT at 
step 4 purification were ~589oC and ~692oC respectively. After annealing at 1000oC in argon 
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(step 5 purification), the oxidative resistance temperatures of SWNT and MWNT were enhanced 
to ~614oC and ~707oC respectively. The improved oxidation resistance of CNT is ascribed to the 
high temperature annealing, which have been reported to improve the graphitic crystallinity and 
‘heal’ defective wall structures13. Therefore TGA-DTG experiments demonstrate that the ignition 
temperature of the purified SWNT and MWNT are ~614oC and 707oC respectively. This is higher 
than the burning temperature of C60 (425oC) but lower than highly graphitized carbon fibers (up 
to 800oC).  
 
Raman spectroscopy 
A Raman scattering signal is usually weak and involves only the phonons, being 
independent of the electronic structures of the material and the laser excitation energy. However, 
if the laser excitation energy matches the energy of the optically allowed electronic transitions in 
the materials, then the Raman scattering efficiency is enhanced. This intensity enhancement 
process is called resonance Raman scattering, whereby a strong coupling between electrons and 
phonons occur. For one-dimensional systems, which possess spike-like density of electronic 
states (DOS) and available for optical transitions, resonance effects will be prominent.  Therefore 
resonance Raman spectroscopy is a powerful tool to probe the nature of the electronic structures 
(semiconducting or metallic nature), diameter distributions, defects and charge-transfer effects of 
SWNT16-19. In addition, Raman spectroscopy is an established method to characterize carbon 
materials owing to its sensitivity to the amount of ordering, degree of sp2-sp3 bonding and domain 






Figure 4.7. Schematic diagram depicting the atomic vibrations for (a) the radial breathing mode 
(RBM) and (b) tangential (G-band) modes of SWNT. 
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 Figure 4.7 depicts two atomic vibrational modes of SWNT. The radial breathing mode 
(RBM) and tangential (G-band) mode are the signatures of SWNT Raman scattering, which can 
be observed at the lower wavenumbers (~100-400cm-1) and higher wavenumbers (~1600cm-1) 
respectively. A comparison G-band study of SWNT, highly oriental pyrolitic graphite (HOPG) 
and glassy carbon indicates that the G-band of SWNT similarly belongs to the E2g G-band of the 
graphite sheet18. However the G-band of SWNT is predicted and observed to split into two bands 
due to two different tangential vibration modes (see Fig 4.7b): one uppershifted G+-band 
independent of the tube diameter and another downshifted G--band dependent of the tube 
diameter (resonance effects), which can further splitted into other components19 (see page 119). 
However the RBM signals provide more useful and direct information on SWNT. The RBM is 
diameter-dependent and it has been shown to have the following experimental relationship18,19: 
                                                                    ωRBM = A/dt + B                                                       [4.1] 
where ωRBM is the observed Raman RBM signal, A and B are parameters determined 
experimentally. For SWNT bundles, the parameters were fitted experimentally with 
A=234nm⋅cm-1 and B=10cm-1. The parameter B is an upshift due to tube-tube interaction. For 
isolated SWNT, A=248 nm⋅cm-1 and B=0. Since the purified SWNT are assembly of bundles, 
ωRBM = 234 (nm⋅cm-1) /dt (nm) + 10 (cm-1) is used in this thesis. 
It has been pointed out that for dt << 1nm, equation [4.1] exhibits deviation from the 
measured values due to nanotube lattice distortions leading to a chirality dependence of RBM 
frequencies. For dt > 2nm, the intensity of the RBM is very weak and hardly observable18. 
 
Kataura Plot and Resonance conditions 
On the basis of tight-binding zone-folding method, H. Kataura et al.16 demonstrated that 
the bandgap energy, Eg, between two von Hove Singularities (vHS) of a SWNT was related to its 
diameter, dt, and chirality as well. The Kataura plot (Eg vs dt) is the formalism resulting in the 
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organization of metallic and semiconducting SWNTs based on the chirality vector. Hence if one 
employs resonance Raman spectroscopy and a Kataura plot to analyze the results, one should be 
able to experimentally determine the diameter, chirality, and electronic nature of the SWNT. 
However, this simplified theory has limited success in assigning real SWNT samples. For real 
sample, effects such as warping of the Brillion zone, changes in the circumferential bond length 
(especially dt <<1nm) due to curvature and inter-tube coupling effects (SWNT bundles) 
complicate the Raman spectra and such effects need to be taken into considerations. 
Thus a revised Kataura plot17 based on new experimentally mapping of Eg vs dt was 
reported in literature. It is sufficient to consider only the two lowest interband transitions because 
higher order transitions generally have very weak intensity. This revised Kataura plot is displayed 
in Figure 4.8, and it is employed in this thesis for the chirality assignment of the purified SWNT; 












Figure 4.8. A revised Kataura plot17 of Eg vs dt. The two lowest interband transitions are denoted 
by ES11(dt), ES22(dt), EM±11(dt), where 11 is the first vHS, 22 is the second vHS, S for 
semiconducting (red) tubes, M for metallic (blue) tubes, and ±  is the split into high (+) and (-) 
low energy transitions in metallic tubes. 
 
National University of Singapore 
 
115


























Figure 4.9. RBMs of SWNTs using resonance Raman laser excitation wavelengths at (a) 785nm, 
(b) 633nm, and (c) 514nm. The corresponding Kataura plot is displayed next to the observed 
RBMs with a transition window of ±0.1eV. Red and blue deconvolutions for semiconducting and 
metallic tubes respectively. Chirality of SWNT is indicated beside the observed ωRBM. 
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Assigning chirality of the observed RMB frequencies. 
In this thesis, three laser excitation wavelengths (energies) of 785nm (1.58eV), 633nm 
(1.96eV) and 514nm (2.41eV) were employed to collect the RBM spectra of the purified SWNT. 
The transition within the resonance window of the excitation laser is observed to be ±100meV. 
For MWNT samples, which do not have resonance effect, it is sufficient to study its Raman 
spectra using only a single laser wavelength (namely, 514nm). The G-band of MWNT will be 
appropriately discussed in conjunction with the synthesis of nitrogen-doped carbon nanotubes 
(Chapter 6, page 149). 
Figure 4.9 shows the RBM spectra of the purified SWNT recorded at 3 different Raman 
laser energies. The observed Raman shift represents the most frequently observed positions for 
different laser spots on the samples. A Lorentzian fitting was used to deconvolve the RBM 
signals. The chirality of the SWNT was assigned based on its determined diameter (equation 4.1 
for SWNT bundle), which matches closest to those given on the Katuara plot. The analysis of the 
recorded RBMs was as followed: 
For 785nm (1.58eV) excitation, three distinct types of RBM signals are possible as 
shown by the Kataura plot (Fig 4.9a). The ES11, ES22 and EM11 vHS transitions of semiconducting 
and metallic nanotubes are allowed. The ES11 vHS transitions belong to semiconducting SWNTs 
with small diameters (dt ≤ 0.6nm), while the ES22 vHS transitions belong to semiconducting 
SWNTs with larger diameters ~0.9-1.2nm. The EM11 vHS transitions are due to metallic SWNTs 
with slightly larger diameters ~1.45nm. A comparison of the recorded and predicted RBM signals 
revealed that the recorded RBM signals were solely due to ES22 vHS transitions of 
semiconducting SWNTs with diameters of ~0.92-1.20nm. No ES11 and EM11 vHS transitions were 
recorded. This strongly implied that small diameter (dt < 0.6nm) semiconducting SWNTs and 
large diameter (dt ≥ 1.4nm) metallic SWNTs were absent in the purified SWNT samples. The 
deconvolution and chirality assignments of SWNTs were displayed in Figure 4.9. 
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 A similar analysis had been carried out for the recorded RBM signals of SWNTs with 
633nm and 514nm laser excitations. For 633nm laser excitations, both ES22 and EM11 vHS 
transitions of SWNTs were observed simultaneously. The observed diameter distributions of the 
semiconducting SWNTs were ~0.83nm-0.94nm and metallic SWNTs were ~1.13nm-1.24nm at 
633nm laser excitation. In contrast, only EM11 vHS transitions of metallic SWNTs (0.9nm < dt < 
0.99nm) was observed at 514nm laser excitation. This is consistent with the Kataura plot, which 
predicts a dominant EM11 vHS transition of metallic nanotubes at 514nm laser excitation. 
 The overall diameter distribution of the purified SWNT was ~0.83nm-1.24nm as 
determined by resonance Raman spectroscopy. This diameter range agreed well with HRTEM 
estimation. However it should be emphasized that Raman spectroscopy can pick out SWNT 
RBMs in resonance with the laser energy, and the ratio of semiconducting-to-metallic nanotubes 
cannot be conclusively determined solely from a single laser excitation. As an illustration, it is 
not conclusive to state that there are more semiconducting nanotubes than metallic nanotubes 
from Figure 4.9b, and the absence of semiconducting (metallic) nanotubes from Figure 4.9c 
(Figure 4.9a). On the other hand, if the RBM spectrum collected at 633nm laser excitation shows 
a disappearance of semiconducting nanotubes after a chemical process to remove semiconducting 
tubes, then it is conclusive to state that the resulting sample is enriched with metallic nanotubes 
using only a single laser excitation. 
 On the basis of Figure 4.9, it can be seen that it is very difficult to synthesize SWNT with 
uniform tube diameter and even more challenging to have unique tube chirality. Suppose that the 
diameter of the fabricated SWNT is uniform, dt≈1.37nm, but the chirality may be attributed to 
more than one type of nanotubes, namely metallic (10,10) tube and semiconducting (11,9) and 
(15,4) tubes. On the other hand, the synthesis of uniform small diameter (dt ≈ 0.43nm) SWNT 
was met with some success using a zeolite template20. These very small diameter SWNTs possess 
interesting properties because of its much stronger tube-curvature effects.  
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Tangential mode (G-band) of SWNT  
Figure 4.10 shows the G-bands of the purified SWNT recorded at 785nm, 633nm and 
514nm laser excitations. The deconvolution of the G-band was performed with Lorentzian and 
Breit-Wiger Fano (BWF) fittings. The Lorentzian lineshape was used for semiconducting modes 
and metallic ALO modes. The BWF fitting was used to fit the broadening of the G-band due to 
resonance metallic nanotubes (ATO symmetry) at 633nm and 514nm laser excitations. The 
asymmetrical BWF lineshape is given by the following equation: 


















    [4.2] 
 
where Io, ωo, and Γ are the intensity, renormalized discrete-mode frequency and broadening 
parameter respectively. The (1/q) parameter determines the departure of the BWF lineshape from 














Figure 4.10. Deconvolved tangential G-band of the purified SWNT with three laser excitation 
wavelengths (a) 785nm, (b) 633nm and (c) 514nm.  
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  Table 4.2. Detailed lineshape analysis of the tangential G-band of the purified SWNT (0.83nm 
< dt <1.24nm). The peak positions (ω) and FWHM (Γ) are listed for the Lorentzian lineshapes, 
and (1/q) value is given for the BWF lineshapes. 
 ω (cm-1) Γ (cm-1) 1/q 
1550sc 21 - 
1570sc 15 - 









1605sc 28 - 
1545m 53 -0.20 
1559sc 19 - 
1570sc 15 - 
1580m 20 - 










1603sc 23 - 
1539m 32 -0.24 
1553sc 15 - 
1569sc 14 - 
1574m 20 - 
























The fitting parameters of the tangential G-bands are displayed in Figure 4.10 and Table 
4.2. For laser energy Elaser=1.58eV (785nm, Fig 4.10a), the G-band is deconvolved with four 
symmetrical Lorentzian lineshapes located at ~1550, 1570, 1591 and 1605cm-1 for 
semiconducting species. This is consistent with RBM study (Fig 4.9a) at Elaser=1.58eV, whereby 
only semiconducting nanotubes are in resonance. For Elaser=1.96eV (633nm), the tangential G-
band in Fig 4.10b is broadened at ~1545cm-1, which is attributed to the Raman signal of metallic 
nanotubes. On the basis of RBM study (Fig 4.9b), it was already indicated that both 
semiconducting and metallic nanotubes were resonant at Elaser=1.96eV. The deconvolution of the 
G-band at Elaser=1.96eV was performed with five symmetrical Lorentzian lineshapes (four were 
attributed to the semiconducting nanotubes and one to metallic nanotubes) and one BWF 
lineshape for metallic nanotubes. In Fig 4.10c, the deconvolution of the G-band at Elaser=2.41eV 
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(514nm) resonance requires the addition of semiconducting Lorentzian fittings, even though 
RBM study (Fig 4.9c) indicated that only metallic nanotubes were resonant at Elaser=2.41eV. 
Group theory predicts that a typical chiral SWNT possesses 6 Raman-active modes 
within the G-band, which consists of two modes each with A1g, E1g and E2g symmetry18. The G-
band of a pure semiconducting nanotube has been experimentally deconvoluted into 4 
symmetrical lorentzian components, which are located at ~1553 (E2g), 1569 (A1g and E1g), 1592 
(A1g and E1g) and 1607 (E2g) cm-1. Therefore the G-band at Elaser=1.58eV (Fig 4.10a) is consistent 
with literature. Likewise it is expected that a typical chiral metallic nanotube also possesses 6 
active-Raman modes. However for a metallic nanotube only two components are needed to 
account for the G-band features (~1540 and ~1580cm-1 with split A1g symmetry). The 
applications of Stokes and anti-Stokes Raman scattering supported these observations of metallic 
nanotubes18,19. For metallic nanotube, the G-band of anti-Stokes Raman scatterings required only 
two fitting components (one Lorentzian and one BWF lineshape), while the G-band of Stokes 
Raman scattering was made up of the same two components (as observed in anti-Stokes) and 
together with four additional semiconducting components at the same laser excitations. Duesberg 
et al.21 confirmed that metallic SWNT exhibits an antenna effect, which is the preferential 
absorption and emission of light polarized parallel to the tube axis. The dominance of antenna 
effect in metallic SWNT consequently suppresses the E1g and E2g symmetry modes. Therefore, 
the experimental G-band of metallic SWNT can be fitted with only two components, which 
belong to ALO and ATO modes (LO and TO denote vibration parallel and perpendicular to the 
tubule axis respectively). The deviation of the BWF lineshape from a symmetrical Lorentzian 
lineshape was attributed to the coupling of a discrete phonon mode and an electronic continuum. 
Therefore the broadening of the G-band is observed for metallic nanotubes which possess finite 
DOS at the Fermi level, while semiconducting nanotubes have empty DOS at the Fermi level. 
The coupling of the discrete phonon mode with a phonon continuum is very unlikely because 
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both semiconducting and metallic nanotubes have similar multiphonon continua. Hence the fitting 
of a BWF lineshape was carried out for metallic nanotubes only. 
 In short, resonance Raman spectroscopy is an important and useful tool for the 
characterization of SWNT because the RBM spectra of SWNT provide valuable information 
about the diameter distributions, tube chirality and electronic properties. Although the G-band of 
SWNT also exhibits resonance effect, the assignment of tube chirality is not as straight forward as 
the RBM spectra.  
 
Photoelectron spectroscopy: XPS, UPS and work function studies 
The C1s core-level and energy loss features of the purified CNTs were studied with x-ray 
photoelectron spectroscopy (XPS, ESCA MK II using Mg Kα (1254.6eV) source under UHV 
better than 3 × 10-9 torr). The valence bands of the purified SWNT and MWNT were measured 
using ultraviolet photoelectron spectroscopy (UPS, He II 40.8eV) and also at the Singapore 
Synchrotron Light Source using photon energy of 60eV. The work functions (Φ) of the purified 
CNTs were studied using UPS He I (21.2eV) source, and determined from the secondary electron 
cutoff of the spectra using a gold reference (ΦAu=5.1eV). The samples were biased at –10V 
during the work function measurements to accelerate the low energy secondary electrons. The 
carbon samples were pressed into thin pellets (pressurized at 10 tons and the pellet thickness was 
about a few hundred micrometers) and annealed at 1000oC under argon protection for at least 2 
hours. This was to ensure that no air was trapped inside the pressed sheets. The pressed CNT 
sheets were attached to the XPS-UPS sample stub using a silver paste.  
Figure 4.11a compares the normalized XPS C1s core-level of MWNT and SWNT. The 
C1s core-level of MWNT and SWNT was located at 284.3eV and 284.4eV respectively, which 
were downshifted from the C1s position of graphite (284.6eV) by ~0.2-0.3eV. The downshift of 
the nanotube C1s core-level could be due to the weaker C-C binding strained by the rolling-up of 
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the graphene sheet22. Figure 4.11b compares the C1s core-level loss energy of MWNT and 
SWNT. The energy loss features were composed of a π-plasmon (π→π* transition, ~6eV) and a 
broad σ-π plasmon (~27eV). Both SWNT and MWNT have similar σ-π plasmons, but the 
lineshape of the π-plasmons are slightly difference. The MWNT exhibits some extra low-energy 
loss energy transitions at ~4.8eV, while SWNT has a sharper π-plasmon at ~6.2eV. The 
normalized π-plasmon intensity is also stronger in SWNT than MWNT, which indicates that 
SWNT possesses more π-electrons. This is consistent with valence band comparison study 













Figure 4.11. (a) Normalized XPS C1s core level and (b) loss energy spectra of purified SWNT 
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As displayed in Figure 4.12, the valence band density of states (DOS) of CNTs are 
composed of 2p-π electrons (~3.2eV) and 2p-σ electrons (~7.7eV). The binding energy region 
between 3-8eV is assigned to the overlapping of the 2p-π and top of 2p-σ electrons. Chen et al.22 
reported that the valence band DOS of MWNT closely resembles that of graphite, reflecting the 
similarity of their electronic structures. However, on the basis of Figure 4.12, the UPS spectra 
lineshape (40.8eV and 60eV photon energies) of SWNT and MWNT are considerably different, 
although the main features of π- and σ-electrons are present. The π-electron intensity is more 
prominent in SWNT than MWNT. On the other hands, the spectra weight at ~6.5eV (2p-π 
overlaps with top of 2p-σ) and 10.5eV (2p-σ) is more pronounced in MWNT than SWNT.  This 
strongly suggests differences in π- and σ-electrons between SWNT and MWNT. The DOS of 
MWNT can be approximated as a superposition of coaxial carbon shells with weak interlayer 
interaction, similar to the stacking of graphene sheets in graphite. However for SWNT bundle, 
theoretical calculations23,24 have shown that the degree of the σ-π hybridization depends on the 
tube curvature and tube-tube interaction can vastly affect its overall electronic properties. For 
example, the tube-tube interactions induce a pesudogap at the Fermi level of metallic zigzag 
nanotube bundle (n,0) n=multiple of three.23,24
The work functions (Φ) of SWNT and MWNT were determined with respect to a gold 
standard (Φ=5.1eV). On the basis of Figure 4.13, the secondary electron tail thresholds of SWNT 
and MWNT were shifted toward higher binding energy by 0.2eV and 0.3eV respectively. In other 
words, the work function of SWNT bundle is higher than MWNT by 0.1eV. Suzuki et al.25 
reported that ΦSWNT is larger than Φgraphite by 0.1-0.2eV, while Chen22 and Ago et al.26 reported 
that the ΦMWNT is smaller than Φgraphite by ~0.1eV. Suzuki et al.27 also measured the work function 
of individually suspended SWNT and reported that the observed work functions are weakly 
dependent on the chirality.  
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Figure 4.12. Valence band (VB) spectra of purified SWNT and MWNT using (a) 40.8eV and (b) 












Figure 4.13. Secondary electron tail threshold of SWNT (solid line), MWNT (dashed line) and 
gold (dot-dash line) using He I source (21.2eV). Inset: Expanded view of the secondary electron 
tail threshold. Gold film was used as an internal reference. 
 
 
4.1.4. Formation mechanism of carbon nanotube 
Although arc discharge, laser ablation and CVD techniques have been successfully 
employed to synthesize SWNT and MWNT, the synthetic conditions are very different. For 
example, MWNTs are readily synthesized via direct vaporization of a graphite target 
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(temperature ~3000oC) in the arc discharge and laser ablation techniques and catalysts are not 
necessary in the process. For the CVD process, which requires relatively lower temperatures 
(~700-1200oC), a catalyst is always needed for the synthesis of carbon nanotubes. On the other 
hand, the production of SWNT always needs a suitable catalyst regardless of the synthetic 
methods. Therefore, it is of great interests to ask whether the three different synthetic methods 
share the same growth mechanism of SWNT. 
It is well accepted that a modified vapor-liquid-solid (VLS) growth mechanism is most 
likely to be operative in a SWNT growth process, regardless of synthetic methods. The VLS 
mechanism was introduced in the 1960s to explain the growth model of silicon whiskers28, and it 
was adopted to explain SWNT formation. The modified VLS mechanism is supported by TEM 
observations, which show that SWNT bundle germinates from metallic catalysts (size ~15nm), 
and it tips can be encapsulated with the metal catalysts (size <5nm). The most active catalysts for 
the SWNT formation are the transition metals iron, cobalt and nickel, which have high carbon 
solubility29, irrespective of synthetic methods. After the decomposition of the carbon-bearing 
precursor on the surface of the metal catalyst, the carbon species dissolve into the melt catalysts 
(nanosized liquid droplet) forming a super-saturated solution at high temperatures. Upon cooling, 
the solubility limit of carbon decreases and carbon atoms start to precipitate out unidirectionally 
in the form of tubules. Homma et al.30 proposed that the bulk metals (Fe, Co and Ni) have a 
eutectic phase diagram with carbon at ~1300oC. Due to the nanosized of the catalysts, the eutectic 
point of carbon-metal liquid droplet is reduced to ~700-800oC. Additionally, electron diffraction 
investigation of catalytic particles at the tips of carbon nanotubes indicates the formation of 
carbide species after nanotube growth31. Quantum molecular dynamics simulations32 indicate that 
the incorporation of pentagon carbon defects at an early stage of SWNT nucleation is 
energetically favorable because they reduce the number of dangling bonds and facilitate curvature 
of the structure and bonding to the metallic catalysts. 
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A parametric study of the growth of vertically aligned carbon nanotubes (VACNTs) was carried 
out with radio-frequency plasma-enhanced chemical vapor deposition. The usage of relatively 
low H2 plasma power (≤50W) synthesizes less defective VACNTs. The lowest temperature for 
the growth of VACNT is at 450oC. Simultaneous H2-plasma etching and sample heating is found 
to be beneficial to significantly reduce the average diameter of the nanotubes. The presence of 
metallic underlayers greatly affects the growth of VACNTs. Current-voltage (I-V) measurements 
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Chapter 5.1. Plasma-enhanced chemical vapor deposition 
Introduction 
Alignment of the carbon nanotubes is particularly important to enable both fundamental 
studies and applications, such as cold-cathode flat panel displays, vacuum microelectronics and 
interconnects. The growth of vertically aligned carbon nanotubes (VACNTs) on a flat substrate 
was demonstrated using the catalytic plasma-enhanced chemical vapor deposition (PE-CVD). 
The utilization of PE-CVD has the advantages to control the location, diameter, length, shape, 
chemical composition, and orientation of VACNT during synthesis.  
Although both thermal CVD and PE-CVD use gaseous feedstock, heat is used to activate 
the gas in thermal CVD while PE-CVD uses electron impact to activate the gas. The main 
purpose of using PE-CVD is to reduce the energy activation for the deposition process. Standard 
semiconductor integrated circuit technology requires the substrate to withstand temperatures up to 
450oC for a limited time without major degradation of electronic performance. Likewise, the 
fabrication of field emission display with soda glass substrates requires a fabrication temperature 
below 500oC. Therefore the reduction of the growth temperature of VACNTs using PE-CVD 
techniques is highly desirable and currently is an active research topic1-3. 
Figure 5.1 shows a radio-frequency PE-CVD system used in this thesis for the synthesis 
of VACNTs.  It consists of a vacuum chamber, vacuum pumps, and a pressure control system, 
gas manifolds for gas mixing, mass flow controllers, a shower head for uniform gas distribution 
over the 8 inch sample stage and a radio-frequency source which is coupled to the plasma via a 
parallel-plate capacitor. Other sources of plasma such as direct-current (dc PE-CVD), hot-
filament dc (HF- dc PE-CVD), inductively coupled plasma (ICP PE-CVD), microwave PE-CVD, 
electron cyclotron resonance (ECR PE-CVD), hollow cathode gas discharge (HCGD), and corona 
discharge plasma. A detailed description of each plasma system can be found in reference [3]. 
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Figure 5.1. (Left panel) A radio-frequency plasma-enhanced chemical vapor deposition system. 




5.1.1. Growth procedures and patterning of VACNT 
Deposition of catalysts 
Silicon wafers were used as substrates for the growth of VACNT. The native SiO2 was 
not removed from the wafer. The main catalyst used for the growth of carbon nanotubes is 4nm 
Fe film, unless otherwise stated. The substrate was sonicated in iso-propanol and blew dry with a 
jet of N2 gas. Electron beam evaporation or magnetron sputtering was used to deposit the metal 
layers on the substrates.   
 
Growth procedure 
Vertically aligned carbon nanotubes were synthesized using a radio frequency 
(13.56MHz) plasma-enhanced chemical vapor deposition (PECVD) as shown in Fig 5.1. Ethylene 
(C2H4) and hydrogen (H2) gases were used as the carbon source and etchant respectively. Other 
gases such as CO2 and N2 were also available as diluents. The sample chamber was evacuated to 
a pressure of ~10-5 Pa using a turbo pump in conjunction with a rough vacuum pump to remove 
the atmospheric impurities. A 20sccm of H2 gas was introduced into the chamber and the pressure 
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was manually adjusted to stabilize at 133 ± 5 Pa (i.e. ~1 Torr). The temperature of the graphite 
heater was ramped from the initial temperature to the final temperature at a rate of 100oC/min. 
Once the final temperature was reached, the radio frequency power was switched on to activate 
the hydrogen plasma and the etching of the 4nm Fe film will take place for the desired duration. 
After that, 40sccm of ethylene (C2H4) was introduced and the CNT growth time commenced.  
 
Patterning of VACNT - Photolithography  
The positive photoresist resist layer (AZ7220) was spin-coated on the substrate at a 
rotational speed of 4000rpm for 30 seconds. The photoresist thickness was ~3.6µm. The excess 
photoresist solvent was removed by heating the photoresist-coated substrate at 110oC for 4 
minutes on a hot plate. The mask aligner (Karl Suss MA6) is a double-sided contact and 
proximity mask aligner system, which is capable of patterning resolution down to 1µm. A 
broadband UV source with emission wavelengths between 350nm and 450nm was used for the 
exposure. The Dark-Field plastic mask was used and patterned with circular spots of 20µm 
diameter and regularly spaced 100 µm apart. The mask was pre-designed using the Leit version 8 
software.  
After the mask alignment and UV exposure steps, the substrate was washed in a 
developer for 40s to dissolve the softer photoresist regions. The developer consists of AZ400K 
and deionised water in a volume ratio of 2:5 respectively. The developed substrate was heated at 
110oC for 3 min on a hot plate to remove any residual water on the photoresist and to improve the 
photoresist adhesion. 
 
5.1.2. “Standard” conditions for VACNT growth 
The following conditions were defined as the “standard” conditions for the growth of 
VACNT using a 4nm Fe catalyst: 
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i. Pressure = 133 ± 5 Pa 
ii. Temperature of sample stage (graphite heater) = 600oC (750oC)† 
iii. Flow rate of H2:C2H4 = 20:40sccm 
iv. H2 plasma etching time = 10min 
v. RF power = 100W 
vi. Nanotube growth duration = 20min 
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average diameter and length of a VACNT are 15 nm and 23 µm respectively. The upper section 
of the VACNTs is straight, whereas the lower section is curly (see Fig 5.2b-c). These straight-
and-curly segmented VACNTs were also observed in microwave PECVD synthesis of VACNT4,5. 
The curly structure has been attributed to the thermal CVD effects after the plasma is turned off.4 
Another possible reason is due to the decrease in the local temperature when the plasma is turned 
off, which results in the growth of curly nanotubes5. The vertical alignment of carbon nanotubes 
is due to the dense ‘forest’ arrangement whereby each tube supports one and other. 
To understand how the temperature, flow rate, plasma pre-treatment, addition of other 
gas diluents and how metallic underlayers affect the growth of VACNTs, the experimental 
parameters were changed individually one at a time while the others remain at the fixed values.   
 
5.1.3. Effects of temperature 
Temperature calibration 
As shown schematically in Figure 5.1, the graphite heater is located ~1cm below the 
sample stage, which is made up of a stainless steel body and a ~30mm thick molybdenum lid. 
Therefore it is important to calibrate the temperatures of the sample stage and Si substrate with 
respect to the temperature of the graphite heater. The tip of a K-type thermocouple was placed on 
the sample stage and on top of the Si wafer to measure the temperatures of the sample stage and 
Si wafer respectively. Each temperature point was allowed to equilibrate for ~20-30 minutes. The 
average temperatures were measured at 1 Torr of pressure and 20 sccm of H2 flow, which was 
similar to experimental conditions. The results are presented in Figure 5.3.  
The measured average temperatures of the sample stage and Si wafer were significantly 
lower than the temperature of the graphite heater. The temperature difference between the sample 
stage and Si wafer was ~30oC when Tgraphite > 700oC but became smaller ~10oC when Tgraphite < 
600oC. Therefore the values of temperature reported in this chapter are the temperatures of the 
sample stage, which is 10-30oC higher than the corresponding sample temperature. 
National University of Singapore 134








Figure 5.3.  The temperature of sample stage (■■■) and silicon wafer (∆∆∆) with respect to the 
temperature of the graphite heater.  
 
 
Low temperature growth of VACNTs (600oC→450 oC→400 oC→ 380oC) 
One of the challenges of VACNT growth is to lower the sample temperatures to < 450oC. 
The feasibility of growing carbon nanotubes at temperatures lower than 600oC was explored. 
Firstly all Si substrates deposited with 4 nm Fe films were treated at 1 Torr of 100W H2 plasma at 
600oC for 10 min. Secondly the H2 plasma was switched off and the sample stage was cooled 
down to the desired temperatures. Thirdly, once the lower temperature reached equilibrium, the 
VACNT was synthesized in a similar fashion as the “standard” conditions. In this manner, the 
etched Fe catalyst was assumed to be uniform and the growth of the carbon nanotubes was solely 
dependent on the external temperature and not the size of the Fe catalysts.  
Figure 5.4. shows the SEM images of VACNTs synthesized at 600oC, 450oC, 400oC and 
380oC. Dense VACNTs can be synthesized at 450oC respectively, but the average length of the 
VACNTs is about 3µm as shown in Fig. 5.4c-d. When the temperature is further decreased to 
400oC, very short and randomly oriented carbon nanotubes were observed (see Fig. 5.4e-f). 
However at 380oC, CNT did not grow on the substrate (Fig 5.4g). Hence the lowest temperature 
for CNTs growth (random orientation only) is about 400oC, while the lowest temperature for the 
National University of Singapore 135
Chapter 5. Growth of vertically aligned carbon nanotube 
VACNT growth is at 450oC. Many attempts have been made to grow VACNT at 400oC but to no 
avail. The synthesis of VACNT at 450oC was studied further and the results were presented in the 






















Figure 5.4. SEM images of CNTs synthesized at (a, b) 600oC, (c, d) 450oC, (e, f) 400oC and (g) 
380oC using a 4 nm-thick Fe catalyst. All the Fe catalysts are pre-treated at 600oC, 1 Torr and 
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5.1.4. Optimized growth of VACNTs  at 450oC 
H2 plasma power and etching durtation 
To improve the growth of VACNTs at 450oC, I have studied the pre-treatment conditions 
of the 4nm Fe catalysts. However this time the Fe catalyst was exposed to 1 Torr of H2 plasma at 
450oC instead of 600oC, while the etching duration and plasma power were varied. The VACNT 
is grown at 450oC at the same plasma power used for the etching (likewise a 40 sccm C2H4, 1 
Torr, and 20 min growth time are used). The results are displayed as Figure 5.5.  
On the basis of Figure 5.5a, the H2 plasma power and exposure duration are important 
parameters for the growth of VACNTs at 450oC. At high plasma power of 200W, the growth of 
VACNT becomes worse as the etching time is increased from 5 to 10min. Furthermore, no 
VACNT is observed when the 4nm Fe catalyst is etched for 60min at 200W plasma, and SEM 
study shows that the Si substrate is bare and there is no trace of Fe nanoparticles. Therefore, it is 
surmised that 200W H2-plasma is too strong to control the etching process and the 4nm Fe 
catalyst can be removed completely at longer duration. On the other hand, as the H2-plasma 
power is reduced to 25-50W, a long etching time (10-60min) is needed in order to grow better 
VACNTs (see Figure 5.6 below).  
 The Raman spectra of the VACNTs synthesized at 50W, 100W and 150W plasma power 
are shown in Figure 5.5b. The ID/IG ratios of VACNTs at 50W, 100W and 150W are 0.82, 1.05 
and 1.23 respectively. In other words, there are more defects in VACNT which is synthesized 
using a stronger plasma intensity. This could be attributed to the more intense ion bombardment 
on the carbon nanotubes when the plasma power becomes stronger. Therefore the use of lower 
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Figure 5.5. (a) SEM images (top views) of VACNTs synthesized at 450oC and 1Torr using a 
4nm-thick Fe catalyst which is pre-treated at different H2 plasma power and duration. (b) Raman 
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 Figure 5.6 shows the SEM images of VACNTs synthesized at lower plasma power (50W 
and 25W) at 450oC. At 50W plasma, a uniform growth of VACNT is achieved when the etching 
process is set at 10min (Fig 5.6a). When the etching time is extended to 30min, the 50W plasma 
might have removed a portion of the 4nm Fe catalysts and non-uniform growth of VACNTs is 
observed (Fig 5.6b). For 25W of plasma, the observations are just the opposite. A longer etching 
time of 60min is needed to achieve uniform growth of VACNTs (compare Fig 5.6c and Fig 5.6d). 
Therefore, a low H2 plasma intensity (with proper etching timing) favors the growth of uniform 











Figure 5.6. SEM images (top views) of VACNTs synthesized at 450oC with optimized 




5.1.5. Effects of H2 : C2H4 flow ratio and pressure 
Effects of the flow rate of H2:C2H4
The flow rate of H2 and C2H4 was increased to twice the flow rate of the “standard” 
conditions. However, at high H2 /C2H4 flow ratio of 40 sccm/80 sccm, the flow rate is too large to 
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synthesize proper VACNTs arrays. As shown in Fig 5.7, the increased flow rate uprooted and 
blew away some of the VACNTs. This indirectly implied that the adhesion of VACNTs to the 










Figure 5.7. SEM images of VACNTs synthesized at higher flow rate of H2:C2H4 














Figure 5.8. SEM images of V
N(a)(b)ACNTs synthesized at (a) 0.3 Torr and (b) 5 Torr of pressures. 
ational University of Singapore 140
Chapter 5. Growth of vertically aligned carbon nanotube 
Effects of pressure 
Figure 5.8 shows the SEM images of VACNTs synthesized at 0.3 and 5 Torr of pressures 
while the rest of the parameters are kept similar to the “standard” 
conditions (H2:C2H4=20:40sccm, 600oC, 100W). The heights of the VACNTs are 12µm and 
8.7µm at 0.3 Torr and 5 Torr of pressures respectively. At 5 Torr of pressure, closer examinations 
show that the exteriors of the VACNTs are coated with small flakes of graphitic platelets (see Fig 
5.8b). At 0.3 Torr of pressure, the supplied carbon radical might be relatively lesser than the 
amount of carbon radical generated at 1 Torr. While at 5 Torr, there was an excess amount of 
carbon radical being supplied. The deposition of graphitic platelets at 5 Torr stunted the growth of 
VACNT and limited its height to 8.7µm. 
 
5.1.6. Effects of other gas diluents 
The effects of CO2 diluent on the growth of VACNTs were investigated in this section. 
Several literatures reported that CO2 diluent lowers the growth temperature of carbon nanotubes 
and enhances its growth rate in a thermal CVD process, though the mechanism is not clear at 
present6-8. In our studies, we have added 0.1-10 sccm of CO2 diluent for the growth of VACNTs 
under various conditions but there’s no noticeable enhancement of the VACNT growth. On the 
other hand, Figure 5.9b shows the SEM images of the VACNTs synthesized at “standard” 
conditions but an additional 5sccm of N2 is introduced during the growth. The average height of 
the VACNTs is significant reduced to about 1.8µm and the nanotubes are slightly bowed. XPS 
analysis (Fig 5.9a) reveals that nitrogen impurities are doped into the carbon nanotubes. The core 
level N1s of nitrogen-doped VACNT has several peaks located at 399eV and 401eV, and a 
shoulder at 405eV. The peak at ~399 eV which is less abundant is attributed to N-sp3-C bonding 
configuration while that at ~401 eV to N-sp2-C. The XPS analysis gave ~2at% of nitrogen being 
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doped into the carbon nanotubes. The study of highly nitrogen doped (12at%) carbon nanotubes 
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• Sample (d): Fe (20nm) / Ta (120nm) / Cu (500nm) / Si wafer 
• Sample (e): Fe (20nm) / Ti (50nm) / Ta (120nm) / Cu (500nm) / Si wafer 
The deposition of the metal layers was carried out using a magnetron sputtering system. However, 
unlike e-beam evaporation, it is difficult to deposit very thin metal layers (<5nm) and control the 
film thickness using a magnetron sputtering.  
Figure 5.11 shows the SEM images of samples (a)-(e) synthesized using the “standard” 
conditions. The diameters of the VACNTs were ~50-90nm which was larger than the VACNTs 
synthesized with 4nm Fe catalyst. The lengths of the VACNTs were also greatly reduced to about 











Figure 5.12. (Left panel) Schematic setup of the two-terminal I-V measurements. (Right panel) 
Typical I-V measurements of VACNT samples.  
 
 
In order to study the electrical properties of the grown VACNTs, two-terminal current-
voltage (I-V) electrical measurements were performed using a testing circuit schematically shown 
in Figure. 5.12 (left panel). Copper probes with cross section areas of 0.55 mm2 were used as 
electrodes. One Cu electrode was in contact with the metal underlayer, while another electrode 
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was moved down very slowly until it touches the nanotubes, which was indicated by a surge in 
the current. The (I-V) characteristics of the VACNTs synthesized with metal underlayers and 
VACNTs with 4nm Fe catalysts were measured in vacuum. The absolute values of the resistance 
of the VACNTs varied with each measurement but the order of magnitude of the resistance of the 
samples was quite consistent. Typical I-V measurements of the samples were displayed in Figure 
5.12 (right panel). The resistance of VACNTs synthesized with 4nm Fe catalysts (without any 
metallic underlayers) is larger than the VACNTs synthesized with metallic underlayers, even 
though the quality of the VACNTs (grown with 4nm Fe) was better. The resistances of VACNTs 
with metallic underlayers in increasing order were sample (b), (a), (e) and (c) or (d). The presence 
of Ti seems to reduce the resistance of VACNTs. This is in good agreement with ab initio 
calculations9 which indicate that Ti atom wets the carbon nanotubes surface better than Ta or Cu, 
and the formation of titanium carbide might also reduce the contact resistance10. 
 
5.1.9. Conclusions 
By optimizing the growth conditions such as H2 plasma power and etching duration I 
have been able to achieve low-temperature growth (450oC) of VACNTs.  The synthesis 
temperature has been reduced from 600oC to 450oC on 4nm Fe catalyst using PE-CVD techniques, 
with a low 25W H2-plasma power and 60 min etching time for pre-treating the catalyst. If the Fe 
catalyst was H2-plasma treated while the sample was heated up, the average diameter of the 
resulting VACNTs was significantly reduced from typically 15nm to <5 nm. Raman spectroscopy 
revealed that single-walled carbon nanotubes were present in the VACNTs synthesized using this 
type of treatment.  Metallic underlayers were built below the catalyst in order to achieve CNTs as 
on chip interconnect. The I-V properties of these VACNTs with metallic underlayers were 
measured, indicating that Ti underlayers was better than Cu and Ta, in terms of lower resistance 
of the VACNTs/metallic underlayer/Si wafer systems.   
National University of Singapore 146
Chapter 5. Growth of vertically aligned carbon nanotubes 
References 
[1] M.S. Bell, K.B.K. Teo, R.G. Lacerda, W.I. Milne, D.B. Hash, M. Meyyappan, Pure Appl. 
Chem. 78, 1117 (2006). 
[2] M. Meyyappan, L. Delzeit, A. Cassell, D. Hash, Plasma Sources Sci. Technol. 12, 205 (2003). 
[3] A.V. Melechko, V.I. Merkulov, T.E. McKnight, M.A. Guillom, K.L. Klein, D.H. Lowndes, 
M.L. Simpson, J. Appl. Phys. 97, 041301 (2005). 
[4] C. Bower, O. Zhou, W. Zhu, D.J. Werder, S.H. Jin, Appl. Phys. Lett. 77, 2767 (2000). 
[5] H. Sato, H. Takegawa, Y. Saito, J. Vac. Technol. B 21, 2564 (2003). 
[6] A.G. Nasibulin, D.P. Brown, P. Queipo, D. Gonzalez, H. Jiang, E.I. Kauppinen, Chem. Phys. 
Lett. 417, 179 (2006). 
[7] A. Magrez, J.W. Seo, V.L. Kuznetsov, L. Forro, Angew. Chem, Int, Ed. 46, 44 (2007). 
[8] Q. Wen, W. Qian, F. Wei, Y. Liu, G. Ning, Q. Zhang, Chem. Mater. 19, 1226 (2007). 
[9]E. Durgun, S. Dag, V.M.K. Bagci, O. Gulseren, T. Yildrim, S. Ciraci, Phys. Rev. B. 67, 
201401R (2003). 
[10] M. Nihei, M. Honbe, A. Kawabata, Y. Awano, Jpn. J. Appl. Phys., Part 1 43, 1856 (2004). 
National University of Singapore 147
Chapter 6. Nitrogen-doped carbon nanotubes 




The electronic and optical properties of highly nitrogen-doped carbon nanotubes were studied 
experimentally. The nitrogen-doped carbon nanotubes were characterized using electron 
microscopy, Raman spectroscopy, photoelectron spectroscopy, x-ray absorption and pump-probe 
measurements. Nitrogen-doped CNT has a better ultrafast saturable absorption than pristine 
















National University of Singapore 148
Chapter 6. Nitrogen-doped carbon nanotubes 
6.1. Synthesis and characterizations of nitrogen-doped carbon nanotubes 
Introduction  
The electronic properties of single-wall carbon nanotube (SWNT) are greatly dependent 
on their tubular diameter and chirality. Theoretical and experimental studies show that SWNTs 
can behave from being metallic to semi-conducting ones1-3, while multi-walled carbon nanotubes 
(MWNTs) depend on the features of each coaxial carbon shell4. The highly varied electronic 
structures of carbon nanotubes greatly hinder the specific application of CNT in electronic 
devices, and a general method to manipulate its electronic properties will be desirable. 
The deliberate introduction of defects5,6 and impurities (dopants) into carbon nanotubes 
could offer a possible route to change and tune its electronic properties. The creation of new 
energy levels in the band gap with associated electronic states is an important step to make 
electronic devices. For instance, the intercalation of alkali metals into SWNT bundles has been 
shown to increase the conductivity7. The substitution of carbon atoms by boron or (and) nitrogen 
dopants has modified the electrical and structural properties of carbon nanotubes, giving them 
characteristic bamboo-shaped structures8-15. Hence the synthesis, characterization and 
applications of doped CNT will be of great interest. 
The synthesis of carbon nitride (CN) nanotubes is of particular interest because they are 
expected to be metallic, independent of the tube diameter and chirality. This is motivated by 
theoretical prediction of the existence of stable CN tubular structures which are metallic16. Thus 
various approaches have been made to incorporate nitrogen atoms into carbon nanotubes, 
including magnetron sputtering9, pyrolysis of nitrogen-rich organic chemicals10-12, and arc-
discharge in nitrogen atmosphere13.  But the synthesized CNx nanotubes are still far from the 
canonical carbon nitride tubule stoichiometric CN. The solubility of nitrogen in graphite layers is 
reported to be <5 at% in most of the bulk CNx nanotubes13.  However high N-content (10-19at%) 
CNx nanotubes were also identified11,17 and some nanodomains may contain nitrogen 
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concentration up to 30at% 9. Even those CNx nanotubes at low doping level already exhibit 
different electronic and structural properties. 
The synthesis, characterization and application of nitrogen-doped multi-walled carbon 
nanotubes will be discussed in this chapter 6. TEM, Raman, XPS, UPS and x-ray absorption 
techniques (using synchrotron radiation source) were employed for this purpose. The potential 
application of CNx nanotubes as a saturable absorber was studied using ultrafast pump-probe 
measurements. Previously, H. I. Elim et al18 have reported the degenerate pump-probe 
measurements of pristine MWNTs deposited on a quartz substrate and showed that MWNTs were 
potential ultrafast optical switching materials.  However there is no report on the optical-
electronic properties of N-doped MWNT. Thus it is of great interests to examine the effects of 
nitrogen dopants on the carbon nanotube optical-electronic properties using ultrafast pump-probe 
techniques.  A saturable absorption is the property of a material whereby its absorption of light 
decreases as the light intensity increases. Saturable absorber devices can offer a potentially simple 
and cost effective solution for passive optical regeneration, error-free periodically amplified 




6.1.1. Synthesis of CNx nanotube 
The CNx nanotubes were synthesized by chemical vapour deposition (CVD) technique 
using the same Co0.05Mo0.025 catalysts as described in Chapter 4, page 107. In place of a methane 
source, an organic solvent (acetonitrile (CH3CN)) was chosen as the carbon and nitrogen sources 
for the CNx nanotube growth. The CH3CN solvent was heated to ~60oC to generate vapor and 
was carried into the furnace by a helium (99.9995% purity) flow of 60 sccm (see Fig 4.1, page 
106). The synthesis temperature was set to 700oC. The as-synthesized CNx samples were purified 
via the 5-step purification process (Figure 4.2, page108).  
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6.1.2. Characterizations of CNx nanotubes 
Electron microscopy 
The CNx nanotubes possess a characteristic bamboo-shaped morphology (see Figure. 
6.1). They can be considered as polymerised carbon nitride nanobells, whereby each nano-
compartment is linked together to form the tube.  A detailed TEM-measurement of the diameter 
distribution was conducted. The outer diameters of CNxNT were between 9 and 13nm, with few 


















Figure 6.1. Typical TEM images of bamboo-shaped nitrogen-doped carbon nanotubes and a 
diameter-distribution bar chart. 
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The same Co0.05Mo0.025 catalyst was used for the synthesis of SWNT via decomposition 
of methane.  However when they were employed for the synthesis of N-doped nanotube, only 
CNx multi-walled nanotubes were obtained, but no bundle of SWNT. Zhang et al19 had also 
attempted to synthesize N-doped SWNT using laser ablation technique but the SWNT was not 
nitrogenated. Nitrogen doping can only be found on the amorphous carbon materials. Based on 
the theoretical calculation of vacancy-mediated N substitution, D. Srivastava et al20 show that 
pyridine-like vacancy defects and N substitution are favored on the surface of nanotubes with 
diameters larger than 8nm. For carbon nanotubes with diameters <8nm, N chemisorption or fused 
pentagon-type defects occurs. Thus it can be surmised that most of our CNx nanotubes contains 
pyridine-like vacancy defects due to N-doping. 
 
Raman spectroscopy 
Raman spectra (Reinshaw micro-Raman 2000 system, with an excitation laser of 514nm) 
of the pristine MWNT and CNx nanotubes were shown in Figure 6.2.  They all consisted of the D-
mode (~1300cm-1) and the G-mode (~1600cm-1) peaks. The D-mode is defect-induced and 
associated with optical phonons close to the κ point of the Brillouin zone of carbon nanotubes. 
The G-mode is a Raman-allowed Γ-point vibration corresponding to the phonon modes of E2g 
symmetry and it is known as the tangential mode for carbon nanotubes.  
For the estimation of the defect (dopant) concentration in CNx nanotubes and its related 
Raman process, the D-mode intensity is normalized with respect to the intensity of the G-mode. 
As shown in Figure 6.2, the peak area ratio (ID/IG) of CNxNT and pristine MWNT were 0.96 and 
0.36 respectively. The higher ID/IG ratio of CNx nanotubes strongly implies the presence of 
nitrogen dopants and more defects. The G-band of pristine MWNT, and CNxNT are located at 
1589cm-1 and 1580cm-1, respectively. The downshift of the G-bands indicates a charge-transfer 
from the nitrogen dopants to the carbon atoms21. 
National University of Singapore 152

























Figure 6.3. (a) XPS C1s core level spectra for pristine MWNT (dotted line) and CNx nanotube 
(solid line) with 12at% N-dopant. Inset: Energy loss due to π→π* transition. (b-c) Deconvulved 
C1s and N1s core-level spectra for CNxNT, x ≈ 12at%. 
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Photoelectron spectroscopy: XPS, UPS, XANES 
XPS, UPS and XANES measurements were performed at the Singapore Synchrotron 
Light Source (SSLS), using photon energy of 700eV for core levels, 40.8 eV for valence band, 
and 60 eV for work function studies respectively.  The samples were biased by –10V during the 
work function measurements to accelerate the low energy secondary electrons. A comparison of 
pristine MWNT and CN  nanotube was conducted in order to elucidate the effects of nitrogen 
dopants had on the electronic structures of nanotubes. 
x
The pristine MWNT sample is free from atmospheric contaminants, showing no signals 
of XPS O1s and N1s core energy levels. The C1s spectra for the MWNT and CNxNT are 
normalized and displayed in Figure 6.3a. A chemical up-shift of 0.2eV and an asymmetric 
broadening in the high binding energy tail are observable for the CNx nanotube C1s core-level 
spectrum (solid line).  The up-shift of the C1s line may result from the presence of N atoms 
which induce a charge transfer from the less electronegative C to more electronegative N. As 
such, some homopolar C-C bonds are replaced by heteropolar C-N bonds and caused a shift in the 
C1s core levels towards higher binding energy22.  The asymmetric broadening of the C1s peak of 
the CNx nanotubes suggests the existence of various carbon species in the higher binding energy 
regions.   By peak analysis two additional peaks can be fitted at 285.6 and 287.1 eV, in addition 
to the major peak at 284.5 eV (graphite-like C-C bond, see Fig 6.3b). It is noted that the N1s peak 
can also be fitted with 2 Gaussian lines located at 398.2 and 400.7eV (see Fig. 6.3c). According 
to the suggestion of Marton et al23, there are two carbon-nitride phases. In Phase 1, which 
corresponds to the C1s level at 287.1 eV and N1s at 398.2 eV, N atoms are in a sp3 bonding 
configuration with an isolated electron lone pair (similar to β-Si3N4). Phase 2 corresponds to the 
C1s line at 285.6 eV and N1s at 400.7 eV, which represents substitutional N atoms in a sp2 
graphitelike configuration.   From the peak intensity analysis a high nitrogen content of ~12at% 
can be estimated.  Noted that M. Glerup et al.11 had attained 16-19.6 at% N-doped carbon 
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nanotubes using acetonitrile-tetrahydrofuran mixture as the precursor while M. Nath et al.17 had 













Figure 6.4. (a) UPS He II (40.8eV) valence band spectra of pristine MWNT and CNx nanotube. 
(b) Secondary electron tail threshold spectra of pristine MWNT and CNx nanotube using photon 




Because of the one extra 2p electron of each substitutional N atom (as compared to the 
carbon atoms) N-doped carbon nanotubes are expected to show stronger π bonds of aromatic 
rings22,23.  This can be observed in our UPS valence-band (VB) studies.  In Figure 6.4a the VB 
spectrum of the MWNT sample exhibits two bands located at binding energies 3.1 and 7.6 eV, 
which correspond to the C2p π- and σ-electrons respectively as reported in the literature24. Upon 
doping with ~12at% nitrogen, both π and σ bands shift rigidly towards higher binding energies by 
~0.5 eV.  This shift can be attributed to the rise of Fermi level due to N-doping.  Each nitrogen 
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atom has five valence electrons vs. four per carbon.  The substitution of electron-rich nitrogen 
into the carbon network therefore would include a donor level near the bottom of the conduction 
band, raising the Fermi level25. After correction of the Fermi level shift, the intensity 
enhancement of the π-derived peak at ~3 eV is obvious in the CNx spectrum.  The enhancement 
of the π-peak is related to the fact that each sp2 N atom can contribute two electrons to the π 
system as compared to one π electron per network carbon atom.  The σ-like peak at 7 eV 
decreases its intensity whereas an increase in the intensity around 17 eV is evident too.  This may 
also reflect the substitution of C-C bonds by C-N bonds26,27.  One more XPS evidence of the N 
substitution is the observation of an extra energy loss peak in the C1s region, which is located 
~6eV at the higher binding energy and corresponds to π → π* electron transition (see Fig 6.3a 
inset). A similar observation was reported for amorphous a-CNx:H film as its nitrogen content 
was increased22.   
The secondary electron tail threshold regions of pristine MWNTs and CNx nanotubes 
were presented in Figure 6.4b. The secondary electron tail threshold of the CNx nanotubes is 
shifted 0.5eV towards higher binding energy in comparison to that of MWNT, which means a 
reduction of the work function by 0.5eV. This is consistent to the rise of Fermi level (in Fig. 6.4a) 
due to the N-doping. Additionally as shown in the inset of Figure 6.4b, the nitrogen substitution 
has enhanced the leading edge of the valence band in the binding energy up to 3eV, which may 
be associated to the N lone pair26. Both the reduction in work function and the enhancement of 
the electron density at the top valence band bear great importance to improve the field-emission 
properties of CNTs10. Our results are in good agreement with first-principles calculations of 
nitrogenated SWNTs, which predict a 0.18 eV reduction in the work function of CNT when a 
nitrogen atom is substituted in the nanotube tip27,28. The greater reduction in work function as 
determined by us could be due to the unique polymerized nanobell structures of CNx nanotubes 
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whereby the linking compartmentalized regions are usually enriched with nitrogen and reduced 













Figure 6.5. XANES C1s K-edge absorption spectra of pristine MWNTs (dotted lines) and CNx 
nanotubes (solid lines). Inset: An expanded view of the graphitic C1s → π* resonance. 
 
 
X-ray absorption near-edge spectroscopy (XANES) is employed to further probe the 
electronic structure of the CNx nanotubes. Figure 6.5 shows the carbon K-edge of the MWNT and 
CNxNT.  Both spectra exhibit two peaks at ~285eV and ~290eV, which are related to the 
graphitic C1s-C2pπ* and C1s-C2pσ* resonance, respectively. A detailed observation  of XANES 
shows that the C1s → π* peak of the CNx nanotubes (solid line in Figure 6.5 inset) is up-shifted 
by 0.3eV.  By considering the 0.5 eV rising of the Fermi level in the CNx nanotubes, both C1s 
and C 2pπ* in the CNx nanotubes are actually shifted up by 0.3 eV as compared to those of 
pristine MWNTs.  This can be attributed to the upward band bending.  Substituting N atoms 
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behave as dopants of the n-type semiconductor on one hand, but, since N is more electronegative 
than carbon atoms, they can provide accepter-like state on the other hand.  This would result in 
upward band bending.  
 
6.1.3. CNx nanotubes with improved ultrafast saturable absorption 
Ultrafast pump-probe measurements 
For ultrafast pump-probe measurements, drops of the nanotube dispersion in isopropanol 
were cast onto a quartz slide to form a film. A comparison between pristine MWNT and CNx 
nanotube was carried out to elucidate the effects of nitrogen-dopants have on the ultrafast 
responses of the nanotubes. Figure 6.6 shows the typical one-color pump-probe results of the 
pristine MWNT and CNx nanotube samples taken at the same wavelength of 780 nm with 
increasing irradiance of 8, 37, 70 and 110 GW/cm2. All the signals show a positive change in 
transmission, which is related to photoinduced bleaching. Furthermore, the transient signals 
clearly show there are two components. By using a two-exponential component model: 









XBXAY                                           [6.1] 
where A and B are arbitrary constants, τ1 and τ2 correspond to the fast and slow response time 
respectively.  
 The best fits (solid lines in Fig 6.6a-b) produce τ1 = 130 fs and τ2 = 1 ps. We believe that 
τ1 is the autocorrelation of the laser pulses used18. The τ2 component is the recovery time of the 
excited π-electrons in the CNx nanotubes film. It should be pointed out that the relaxation 
dynamics are not dependent on the pump irradiance, including the saturation regime. Its time 
scale is comparable to the findings for SWCNTs29a. 
However, as shown in Fig 6.6c, we have observed that the pump irradiance dependence 
of the maximum value of ∆T/T in the CNxNT nanotubes is greater than that in MWNT. This 
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confirms the results that the larger third-order susceptibility of CNx nanotubes is due to the 
presence of nitrogen dopants. The observed larger third-order susceptibility is attributed to 
higher-density π-electrons of CNx nanotubes as elucidated by XPS energy loss and valence band 













Figure 6.6. Degenerate 130-fs-time-resolved pump–probe measurements of (a) pristine MWNT 
and (b) CNx nanotube performed at 780 nm with increasing irradiance. All the solid lines are two-
exponential fitting curves with τ 1=130 fs and τ 2= 1 ps. (c) A plot of maximum ∆T/T against 
irradiance for MWNT (ooo) and CNxNT (•••). 
 
 
It is observed that the positive ∆T/T signals develop as the irradiances increase. However 
when the irradiances increase from 37 to 110 GW/cm2, the maximum ∆T/T signals of CNxNT 
remain almost the same. Figure 6.6 gives a clear sign of saturation in CNxNT sample. In this 
saturation regime, most of the carrier states of CNx nanotubes are filled and thus the sample 
absorption is completely quenched. A similar observation has been made on semiconducting 
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SWNT in a very low fluence of 1mJ/cm2 (~7 GW/cm2). On the other hands, pristine MWNT did 
not show clear absorption saturation.  
The better ultrafast saturable absorption of CNx nanotubes suggests that these CNx 
nanotubes can be used as saturable absorber devices.  With improved fabrication techniques, 
saturable absorber devices based on CNx nanotubes can offer a potential solution for passive 
optical regeneration, error-free transmission distances of periodically amplified optical 
transmission systems, laser mode locking based on saturable absorber, and high noise suppression 
capability. For examples, Set et al.29 and Yamashita et al.30 have already explored the application 




In short, nitrogen-doped carbon nanotubes (~12at%) were synthesized by pyrolysis of 
acetonitrile on Co-Mo catalysts. Photoemission studies show that the whole valence band is 
shifted to deeper binding energy due to the nitrogen doping which causes Fermi level shifts to 
conduction band edge. The work function of nitrogen-doped carbon nanotubes is reduced by 
0.5eV. The enhancement of electron density near the top of valence band, the rise of the valence 
band π peak and the decay of the valence band σ peak are all related to the N-substitution to the 
carbon network. Consequently the richer density of π-electrons in CNxNT endows it with larger 
third-order susceptibility and better ultrafast saturable absorption. 
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A brief introduction to the H2 storage and technique was presented in section (7.1). In section 
(7.2), the H2 storage of pore-modified carbon nanotubes was investigated. The pore structures of 
carbon nanotubes were modified by potassium hydroxide activation and nitrogen doping. In 
section (7.3-7.4), H2 uptakes of boron nitride and TiO2 nanotubes (~2wt%) are measured to be 
higher than carbon nanotubes (≤0.5wt%) at 300K. The studies of H2 adsorption of BN and TiO2 
nanotubes give important insights on the factors which enhance H2 uptakes. The syntheses and 
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7.1. Hydrogen storage of nanostructured materials 
7.1.1. Introduction 
The ever increasing demand for energy and depleting fossil fuel supply have triggered a 
grand challenge1-3 to look for technically viable and socially acceptable alternative energy 
sources. Hydrogen as an alternative energy has stand out among the proposed renewable and 
sustainable energy sources, because it is relatively safe, easy to produce, and non-polluting when 
coupled with fuel cell technology.  
The development of H2-powered vehicle coupled with a fuel cell engine is highly 
desirable due to its higher efficiency. An internal combustion of H2 and O2 in an engine is limited 
by the Carnot efficiency (~25%), but when H2 is electrochemically driven to react with O2 in a 
fuel cell engine the efficiency can reach 50-60%. For on-board H2 storage, vehicles require 
compact, lightweight and affordable containment. A commercially available car built solely for 
mobility burns about 24kg of petrol in a combustion engine and covers a distance of 400km. In 
order for H2-powered vehicles to cover the same distance, 4kg (8kg) of hydrogen are needed to 
power the fuel cell engine (H2-O2 combustion engine version). Thus on-board storage of H2 is an 
important issue of hydrogen technology. 
The US department of energy (DOE) hydrogen plan for fuel cell powered vehicle 
requires a gravimetric density of 6.5wt% or equivalent to a volumetric density of 62 kgH2m-3 
(720 ml(STP)/gadsorbent) (see Figure 7.1). Conventional storage and transportation of H2 include (i) 
compressed gas, (ii) liquefaction, (iii) chemisorption (metal hydrides and complex hydrides) and 
(iv) physisorption, but none of these techniques have yet achieved the DOE target satisfactorily. 
Figure 7.2 shows the overview of H2 technology as an alternative energy source. The 
production of H2 can be achieved using steam reforming4, partial oxidation5 and water splitting 
techniques6. Purification of hydrogen gas requires the removal of carbon monoxide which tends 
to poison the nanosized Pt catalysts used in the fuel cell electrodes. The setting up of H2-refill 
stations island-wide ensures fuel cell drivers can always refill their vehicles with purified 
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hydrogen. On the basis of Figure 7.2, H2 storage is just one of the many aspects of the H2 
technology. The on-board H2 storage for fuel cell car is a major technological hurdle, which 













Figure 7.1. Current H2 storage technologies compared to DOE target and petroleum 










Figure 7.2. An overview of H2 technology as an alternative energy source. 
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7.1.2. Modes of H2 storage 
Compression 
4kg of H2 occupies a volume of 45m3 at 300K and atmospheric pressure, which render it 
hardly practical for vehicular transportation. The most direct and easy way to store H2 is to 
compress hydrogen in a cylinder at high pressure up to 70MPa. A better-designed, safe and 
lightweight gas cylinder (~110kg) is needed to withstand high pressure up to 70MPa to reach 
gravimetric density of 6wt% (volumetric density 30kgH2m-3). However it is estimated 
theoretically that the compression of hydrogen up to 80MPa consumes lots of energy 
(~2.21kWh/kg), similar to the case of H2 liquefaction. Hence this method is not likely to be used 
commercially to store H2 for mobile transportation. 
 
H2 Liquefaction 
Condensation of H2 into liquid or even solid state is attractive from the viewpoint of 
increasing mass per container volume (ρliq=70.8kgm-3, ρsolid=70.6kgm-3). However the efficiency 
of liquefaction and boil-off are two major obstacles which limit the utilization of this method. The 
technical work necessary to liquefy H2 gas at room temperature is ~15.2kWh/kg which is much 
larger than the theoretical estimate of 3.23kWh/kg. The condensation temperature of H2 at 1bar is 
21.2K and boil-off of liquid H2 is inevitable inside a cryogenic container. Furthermore the critical 
temperature of hydrogen is 33.2K (above this temperature liquid H2 cannot exist), and liquid 
hydrogen can only be stored in an open system to prevent strong overpressure as high as 
1000MPa. This mode of H2 storage is suitable for cases where cost of hydrogen is not an 
important issue and the hydrogen is consumed in a short time such as air and space applications. 
 
Chemisorption (Metal & complex hydrides) 
Some metals are known to form hydrides such as PdH0.6 (0.56wt%), MgH2 (7.6wt%) and 
TiH2 (4wt%). Intermetallic alloys (e.g. LaNi5H6 (1.4wt%), ZrV2H5.5 (3wt%), FeTiH2 (1.8wt%), 
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etc) are also known to store hydrogen with high volumetric density (~100-150kgH2/m3) but suffer 
from low gravimetric density (~1.4-3wt%) due to presence of heavy elements. 
Complex hydrides usually consist of Group I, II and III elements such as Li, Mg, B and 
Al to build a wide variety of metal-hydrogen complexes such as alanates and borohydrides. Some 
of the promising complex hydrides with high gravimetric density include LiBH4 (18wt%), 
Al(BH4)3 (17wt%), TiO2-doped LiAlH4 (7.9wt%) and new comer lithium nitride (Li3NH4, 
9.3wt%). 
Although the chemical storage of hydrogen using metal and complex hydrides may be 
able to achieve DOE targets, it seriously faces the practical issues of reaction kinetics, 
thermodynamic equilibrium, and reversibility, which are often not commercially attractive. For 
instance, the typical heat of adsorption (desorption) in chemisorption is about 2-3eV, which is too 
high and incompatible with the waste heat of fuel cells (0.2-0.8eV). Various physical and 
chemical pretreatments such as ball milling to reduce particle size, increasing defect 
concentration and shortening diffusion paths, surface modifications and doping of catalysts can 
be applied to improve its H2 sorption properties.  
 
Physisorption 
The physisorption of hydrogen on porous solid with large specific surface area (SSA) 
presents a simple, highly reversible and clean storage method. Thus it is highly desirable to find a 
H2-storaging material which is behaving much like a sponge soaking up water. The heat of 
adsorption (desorption) in physisorption is typically between 5-500meV, largely depends on the 
nature of the adsorbate-adsorbent in question. The physisorptive hydrogen uptakes of zeolites 
(e.g. ZSM-5, SSA≈430m2/g) and activated carbons (e.g. AX-21, SSA≈2600m2/g) have been 
extensively investigated. However the H2 uptakes of zeolites and activated carbons are usually 
very diluted (<1wt%) at room temperature, and appreciably amount of hydrogen can be stored at 
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low temperature (i.e. 77K). The best H2 sorption of ZSM-5 and AX-21 were reported to be 
~0.7wt% (77K, 1bar) and ~4-5wt% (77K, 10bar) respectively (see Fig A7.2 and Fig A7.3a, page 
203).  
Current research efforts have been directed to various nanostructured materials (e.g. 
carbon nanotubes7-12, BN nanotubes13-16, MoS2 nanotube17, TiS2 nanotubes18, ZnO nanowire19, 
SiC nanorod20) and highly porous novel materials  (e.g. metal-organic-framework21, microporous 
polymers22, nanoporous carbon derived from carbide23, Prussian blue analogue24, nanoporous 
nickel phosphate25), which have been synthesized and tested for physisorptive hydrogen storage 
(see Table 7.4, page 199). Although the room temperature hydrogen uptakes of these novel 
materials are limited to ~1-4wt%, but it is noted that these nanostructured materials showed better 
H2 sorption than its bulk counterparts and there are still room for further optimizations.  
The synthesis and application of advanced nano-materials offer new promises for 
addressing the H2 energy challenges. Therefore in this thesis, the synthesized and characterized 
nano-materials (carbon nanotubes, boron nitride nanotubes and TiO2-derived nanotubes) were 
tested for hydrogen storage. The hydrogen storage of these nano-materials was studied using 
pressure-composition (P-C) isotherms, temperature-programmed desorption (TPD), FTIR and N2 
adsorption isotherms at 77K (pore structure analysis). 
 
7.1.3. Techniques for measuring H2 uptake 
The hydrogen storage capacity can be determined using 3 commonly applied techniques:  
(i) Volumetric technique 
The volumetric technique measures pressure changes that are due to H2 adsorption / desorption of 
the sample in a constant volume. In a volumetric apparatus, the H2 pressures of up to ~10MPa are 
typically applied to study the sorption behavior. Leakage tests and temperature fluctuations have 
to be carefully tested and minimized in order to have reliable results.  
(ii)Thermogravimetric analysis (TGA) 
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TGA measures the H2 adsorption (desorption) by monitoring the increase (decrease) of sample 
weight with a very sensitive microbalance. Since very low sample mass is needed (typically 
~100mg) and measurements are conducted with a hydrogen stream, buoyancy effects have to be 
corrected. However TGA is a non-selective analysis and extremely high purity and clean 
hydrogen source has to be used. 
(iii) Thermal desorption spectroscopy (TDS) 
This method relies on determining the amount of hydrogen desorbed from a hydrogenated 
sample, which is heated under high vacuum, using a mass spectroscopy. The sensitivity of TDS 
can be further improved using deuterium-loaded sample to reduce noise from other hydrogen-
bearing adsorbates. In order to quantify the amount of hydrogen desorbed, the system must be 
calibrated carefully with respect to a “standard” material of known hydrogen content (e.g. TiH2 
with 4wt%). By measuring the H2 desorption temperature at various heating rates, it is possible to 
use the Kissinger equation26 for determining the activation energy of H2 desorption.  
 
In this thesis, the hydrogen storage of the samples was measured using only a volumetric 
gas reaction controller (GRC). Three different types of GRCs were used: 
(i) A commercially available gas reaction controller provided by Advanced Materials 
Corporation, Pittsburgh was employed for H2 storage measurements. This GRC automatically 
measures the pressure-composition (P-C) isotherm of the sample at constant temperature and 
operates up to a maximum hydrogen pressures of ~900PSI (~6Mpa). However the working 
temperature range is limited from –50oC to 500oC, and not suitable for low temperature (e.g. 
77K) measurements. This GRC is calibrated with LaNi5 as standard for H2 uptake at room 
temperature. An expected 1.4wt% (LaNi5H6) of H2 uptake is achieved which indicate that the PCI 
unit is reliable (see Appendix Figure A7.1, page 203). No gas leakage was found when the 
pressures of the PCI manifold and blank sample chamber were manually increased to pressures 
up to 900PSI. For an arbitrary pressure (800-900PSI), the pressure fluctuation was monitored 
National University of Singapore 169
Chapter 7. Pore structure modification and hydrogen storage 
over a period of ≥12hr. The drop in the pressure was always less than 2PSI (fluctuation of ±2PSI 
is within the sensitivity of the pressure gauge), which indicated that gas leakage is negligible. 
Furthermore, when the sample holder was loaded with SiO2 granules (SiO2 granules does not 
adsorb H2), the room temperature H2 uptake was less than 0.1wt%.  
 
(ii) A home-made gas reaction controller is specifically constructed to operate at liquid nitrogen 
temperature (77K) and room temperature with maximum H2-pressure of ~6MPa12. The hydrogen 
storage measurements were manually collected. The reliability and accuracy of this home-made 
GRC at 77K were calibrated with a well-studied H2 uptake of an activated carbon (AX-21, 
Anderson Development Corp.). The maximal H2 uptake of AX-21 was ~4.5wt% at 77K and 
6MPa (see Appendix Figure A7.2, page 203), which is consistent with literature27,28.  
 
(iii) Hydrogen adsorption isotherms at 77K (up to 1bar) were measured using self-modified 
equipment, NOVA3000. This NOVA3000, Quantachrome Corp., originally is used to measure 
the nitrogen uptake of powder samples at 77K. By changing the gas parameters to hydrogen, this 
NOVA3000 can be used to measure hydrogen adsorption isotherms at 77K. The gas non-ideality 
correction factors of 2.2 x 10-6 and 1 x 10-7 torr-1 at 77K and 300K, respectively, were used in the 
program software. The cross sectional area parameter was changed to 1.23nm2 per molecule for 
hydrogen gas. Likewise the accuracy of the H2 uptake at 77K was checked with activated carbon 
(AX-21) and zeolite (HZSM-5). The H2 uptake of AX-21 and HZSM-5 was 265ml(STP)/gadsorbent 
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7.2. H2 storage of carbon nanotubes with modified pores 
Introduction 
Carbon adsorbents are attractive H2-storing materials due to its lightweight, relatively 
non-toxicity and low cost. Early efforts focused on activated carbon and fibers27-30, which possess 
large specific surface area and nanopores, as H2-storing materials. Strobel et al.30 surveyed a wide 
range of activated carbons and fibers, and reported that the H2 adsorption reached a value of 
~1.5wt% at 23oC and 125bar. Experimental and theoretical considerations60,61 have estimated that 
the binding energy and desorption temperature of H2-carbon system (gas-solid interaction) are 
~40-50meV and 80K respectively. Therefore activated carbon only shows appreciable amount of 
H2 uptake at low temperatures. 
In this section, the hydrogen adsorption properties of chemically modified carbon 
nanotubes, (i) KOH-activated SWNT and (ii) CNx nanotubes, were compared with pristine carbon 
nanotubes, (iii) SWNT and (iv) MWNT. It is noted that chemically modified carbon nanotubes 
show higher H2 uptakes than pristine carbon nanotubes (i.e. KOH-activated SWNT versus 
pristine SWNT and CNx nanotubes versus pristine MWNT). The specific surface area (SSA) and 
pore size distribution (PSD) of the samples were analyzed using the N2 adsorption isotherms at 
77K. The hydrogen isotherms were conducted at room temperature (300K) and 77K, and H2 
pressures up to ~6MPa. The H2 adsorption isotherms at 77K and 300K of carbon nanotubes can 
be fitted with Langmuir models and Henry’s Law, respectively. The isosteric heat of adsorption 
(qst) is evaluated using the Clausius-Clapeyron equation. 
 
7.2.1. Samples preparation & H2 storage measurement procedures 
All samples used for the hydrogen adsorption study had undergone the 5-step purification 
process. In addition, the samples were annealed in air at 500oC for 30min to open the tips of the 
nanotubes before the H2 sorption tests.   
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The SWNT was activated by potassium hydroxide (KOH) to increase its surface area and 
modify its pore structures. SWNT and KOH (mass ratio 1:4 respectively) were grinded manually 
inside a glove bag. The SWNT-KOH mixture was immediately loaded into the horizontal quartz 
and quickly heated from 300K to 1073K at 20min/K under flowing nitrogen (50ml/min). The 
activation was maintained at 1073K for 2hr, and the resulting activated SWNT was washed 
extensively with distilled water to remove the excess KOH. This chemically activated SWNT was 
labeled as act-SWNT. Pristine SWNT, pristine MWNT and nitrogen-doped CNT were labeled as 
p-SWNT, p-MWNT and CNxNT respectively. TEM images of the samples are presented in the 
Appendix A7.1 as Figure A7.4, page 204. 
The mass of CNT samples typically used for H2 storage measurements is about 200-
500mg. The home-made GRC was employed to measure the H2 sorption of CNT samples. The 
samples are degassed at 300oC and 1 x 10-3Pa for 2hr. To check for system leakage, roughly 
degassed samples are arbitrarily charged with high pressures of H2. If there is no H2 leakage in 
the system, the sample is properly degassed again before the actual H2 storage measurements. The 
hydrogen charging is allowed to equilibrate for 15-30min until there are no more pressure 
changes. The H2 storage measurements are repeated with fresh samples of carbon nanotubes to 
ensure repeatability and reliability. Table 7.1 summarizes the porous texture and H2 uptakes of 
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Table 7.1.  Adsorptive parameters of modified and pristine carbon nanotube samples. 
Sample SSABET, m2/g Vmic, ml/g Vmeso, ml/g 
H2 uptake at 6MPa 
(77K / r.t.), wt% 
qst, 
kJ/mol 
p-SWNT 423 0.107 0.646 2.2 / 0.38 4.7 
act-SWNT 806 0.309 0.456 3.7 / 0.78 5.4 
p-MWNT 133 0.055 0.351 1.5 / 0.20 4.6 
CNxNT 605 0.275 0.403 3.2 / 0.66 5.1 
 Specific surface area (SSABET) is determined by BET method. 
Micropore volume (Vmic) is determined using Dubinin-Radushkevich (DR) method. 
Total pore volume (VT) is determined at P/Po=0.98 
Mesopore volume (Vmeso) is obtained by VT – Vmic. 




7.2.2. Nitrogen adsorption isotherms at 77K 
The porous texture of the nanotubes was studied by nitrogen adsorption isotherms at 77K 
(see Figure 7.3a). The nanotube samples exhibit a cross between Type II and IV isotherms with 
hysteresis loops in the IUPAC classification. The presence of a hysteresis loop is typical of a 
mesoporous material whereby desorption requires higher energy than adsorption (i.e. filling and 
emptying processes of the mesopores by capillary condensation). The hysteresis loops of the 
carbon nanotube samples close at P/Po ~0.4, and the hysteresis loops of act-SWNT and CNxNT 
are more pronounced, which is attributed to the development of new pore structures. Importantly, 
both act-SWNT and CNxNT have higher N2 uptakes below P/Po =0.1, which suggests the 
development of micropores. To evaluate the specific surface area (SSA) of the carbon nanotubes, 
the Brunauer, Emmet and Teller (BET) model was applied to the N2 adsorption data at P/Po range 
of ~0.05 to 0.35, which is the typical BET multi-layer adsorption. The total pore volume is 
obtained from the amount of N2 adsorbed at P/Po = 0.98. It is noted that CNxNT has higher SSA 
than pristine MWNT, while KOH activation increases the SSA of the SWNT by ~2 times (Table 
7.1). 
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Figure 7.3. (a) N2 adsorption isotherms at 77K, (b) DR plots and (c) HK plots of p-SWNT, act-
SWNT, p-MWNT and CNxNT. 
 
 
The extent and development of the micropore volume brought about by chemical 
modifications are evaluated by Dubinin-Radushkevich (DR) equation: 
 
                                                                                                                                                     [7.1] ⎟⎞⎟⎟
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where w is the volume adsorbed at temperature T, wo is the micropore volume, Po/P is the inverse 
relative pressure, β is the affinity coefficient (0.34 for N2 adsorbate), R is the universal gas 
constant, and Eo is the characteristic energy. The DR plots of the nanotubes are displayed as 
Figure 7.3b. Both Fig 7.3b and Table 7.1 indicate that CNxNT has a larger amount of micropore 
volume than pristine MWNT, while KOH-activated SWNT also possesses larger micropore 
volumes than the non-activated ones. The increment of micropore volumes bear great importance 
to the hydrogen adsorptive properties (vide infra). Texier-Madoki et al.27 and Kijkamp et al.29 
show that the H2 adsorption capacity of activated carbons is well-related to its micropore 
volumes. Of particular interests, the existence of subnanopores (<0.56nm) has been reported to be 
beneficial for H2 physiosorption12,33.  
The Horvath-Kawazoe (HK) method34 was used to compute the pore size distribution 
(PSDHK) for micropore size between 0.35nm-2nm. Numerical expression of HK method is given 
as follows: 
 


























where P/Po is the relative pressure of the N2 adsorption isotherms, l is the defined as the distance 
between nuclei of two layers (e.g. a slit).  
The calculation of PSDHK involves finding the following function: 
                                                                                                                                                     [7.3] )( ao df l −=ωω
where ω∞ is the maximum amount of N2 adsorbed at P/Po=0.9, da=0.34nm is the diameter of a 
carbon atom, and the term (l – da) is the effective pore size in nanometers. Suitable values of (l – 
da) between 0.35nm and 2nm are chosen and the respective l values are substituted into equation 
[7.2] to determine the corresponding (P/Po) values. Then ω is the amount of N2 adsorbed at P/Po 
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for a particular l value. Plotting the derivatives of (ω/ω∞) against (l – da) gives the effective pore 
size distribution. 
The results of PSDHK are presented in Figure 7.3c. The PSDHK of p-SWNT consists of 
0.8nm, 1.17nm and 1.54nm pore sizes. The pore size of p-SWNT at 1.17nm is very close to the 
average diameter as determined by Raman spectroscopy (page 118). When p-SWNT was 
activated with KOH, a small peak appears at ~0.6nm and extends to 0.35nm. This indicates that 
KOH-activation lead to the development of subnanopores. The p-MWNT contains a few 
micropores of size ~1.8nm, which might be the grooves due to the randomly criss-crossing 
network of nanotubes. On the other hand, CNxNT exhibits more micoporous features at ~0.6nm, 
1.1nm and 1.7nm pore sizes than the pristine MWNT. From TEM images (Fig A7.4), the tubular 
walls of CNxNT have many kinks and buckling compared to p-MWNT. These defects of multi-














The Barret, Joyner, and Halenda (BJH) mesopore size distribution (2-50nm) of the 
samples is presented as Figure 7.4. Likewise chemical modification of carbon nanotubes 
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increases the mesoporous volume and changes its mesoporous distributions. Although the 
modified carbon nanotubes possess more microporous texture, the fraction of microporous is 
relatively low and the modified nanotubes still belong to mesoporous materials (see Table 7.1). 
 
7.2.3. Hydrogen adsorption isotherms 
Figure 7.5 shows the hydrogen adsorption isotherms of the SWNT and MWNT samples. 
The desorption branch follows the adsorption branch which indicates that H2 adsorption isotherm 
of CNT is completely reversible (see also Figure A7.3b, page 203). At room temperature, the 
hydrogen storage of the samples displayed a linear relationship of pressure, which can be 
explained by Henry’s Law. There is no abrupt increase in the H2 storage at a particular pressure, 
as in the case of metal hydride compounds, which strongly suggests that room temperature H2 
storage in the carbon nanotubes is physisorption rather than chemisorption. The adsorbed 
hydrogen layer is extremely diluted at room temperature (<1wt%). The H2 storage of act-SWNT 
and CNxNT have better performance as compared to its pristine counterparts (see Fig 7.5 and 
Table 7.1), 0.78wt% (vs. 0.38wt%) and 0.66wt% (vs. 0.20wt%), respectively, at room 
temperature and 6MPa. 
At cryogenic temperature (77K), the H2 adsorption capacity of SWNT and MWNT 
samples increased rapidly with pressure up to ~2MPa. The H2 adsorption capacity of the 
chemically modified nanotubes is also higher than the pristine nanotubes at 77K. The cryogenic 
isotherms of the nanotubes are type I isotherms with adsorption saturation taking place, and can 
be fitted with a Langmuir model35,  
                                                                                                                                                     [7.4] 
aP
aPMM s= +1
where is Ms the saturated adsorption capacity, P is the pressure, and a is a constant. The 
experimental excess H2 adsorption above 2MPa is attributed to the increase in the effective 
monolayer adsorption pores and decrease in the chemical potential of hydrogen at higher pressure 
(vide infra). In addition, at higher pressures, H2 molecules can be compressed in void space of the 
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carbon nanotubes and increases the overall H2 uptakes36. The experimental H2 uptakes are 












Figure 7.5. Hydrogen adsorption isotherms at room temperature (open symbols) and 77K (filled 
symbols) for (a) act-SWNT and p-SWNT and (b) CNxNT and p-MWNT samples. Isotherms at 
300K and 77K are fitted with Henry’s Law and Langmuir model respectively.  
 
 
The isosteric heat of adsorption (qst) reflects the strength of interaction between gas 
molecules and adsorbent. The isosteric heat of adsorption is defined by Clausius-Clapeyron 
equation37: 








)(ln p ⎞⎛ ∂
 
where P is the pressure, T is the temperature, R is the universal gas constant and n is the amount 
of H2 adsorbed. Since the H2 adsorption isotherms of CNTs are completely reversible, the heat of 
adsorption is equal to the heat of desorption. 
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Figure 7.6. Variation of isosteric heat of adsorption with the amount of H2 adsorbed. 
 
 












Figure 7.7. Variation of chemical potential of H2 (µ) with pressure and temperature. Legends are 
divided into 5 color bands (from –0.1eV to –0.4eV). 
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Figure 7.6 shows the variation of isosteric heat of carbon nanotube samples with the 
amount of H2 adsorbed. The evaluated qst values range between 4.6-5.4kJ/mol (~48-56meV), 
which is within the physisorption range and similar to the reported adsorption energy of activated 
carbon28,31 (40-50meV, see Table 7.1). Nonetheless, the evaluated qst values are larger for 
chemically modified carbon nanotubes (i.e. act-SWNT and CNxNT) than pristine carbon 
nanotubes. Noteworthy, the qst values of pristine carbon nanotubes tend to decrease faster than the 
modified carbon nanotubes, which indicate that modified carbon nanotubes might be able to store 
more H2 at higher pressures >6MPa. 
When the adsorption potential of the adsorbent (εcarbon) is more stable than the chemical 
potential of the adsorbate (µhydrogen), adsorption then favorably occurs. Therefore it is of great 
importance to determine ε and µ for the solid-gas physisorption. Figure 7.7 shows the 
temperature- and pressure-dependence of the H2 chemical potential (µ) calculated by using the 
experimental values of enthalpy (H) and entropy (S)38. Generally, a low temperature and high 
pressure reduce the chemical potential of hydrogen. On the basis of Figure 7.7, it is difficult to 
adsorb significant amount of H2 with carbon at ambient temperature and even at high pressures of 
~20 MPa because µ is large ~200-300 meV (blue-greenish region of Fig 7.7), and ε of activated 
carbon is ~50 meV. On the other hand, at 77K the chemical potential of H2 is reduced to ~100 
meV (orange region of Fig 7.7), which is closer to the adsorption potential of carbon materials. 
This qualitatively agreed with the works of Strobel et al.30 and Nijkamp et al.29 on activated 
carbons. Hence, in comparison with literature, the H2 adsorption isotherms of carbon nanotubes 
are similar to activated carbons. Nonetheless, KOH-activated and N-doped carbon nanotubes 
exhibit higher H2 uptakes than pristine carbon nanotubes. 
The enhanced H2 uptakes of the chemically modified carbon nanotubes (act-SWNT and 
CNxNT) strongly suggest that optimization of the pore structures, specific surface area and 
chemical bonding are crucial parameters. Both act-SWNT and CNxNT have larger SSA, 
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increased amount of micorpore volume and more suitable micropore sizes than pristine carbon 
nanotubes, which contributed to higher H2 uptakes. The charge transfer of N-atoms to C-atoms 
polarizes the H2 molecules and might be responsible for a higher H2 uptake. The defective 
exterior walls of CNxNT provide stronger and more adsorption sites for H2 molecules than p-
MWNT (see Figure A7.4, page 204).  
At present, there’s no direct evidence to indicate whether KOH activation changes the 
interstitial channel spacing of SWNT bundles because N2 molecules (kinetic diamenter ~0.36nm) 
cannot access the assumed 0.32nm channel spacing. In other words, the analysis obtained from 
the N2 adsorption isotherms at 77K gives mostly about the exterior texture of the SWNT bundles 
and MWNT samples. The kinetic diameter of H2 molecule is ~0.29nm and seems likely to 
penetrate into the interstitial channels of a SWNT bundle. However Deng et al.39 demonstrated 
theoretically that the ~0.34nm interstitial channels spacing (interlayer distance) of SWNT bundle 
(graphene sheets) solely contributes diluted amount of H2 uptake of 0.2wt% at 50bar and 300K 
(zero H2 uptake for graphene sheets). When the interstitial channel spacing (interlayer distance) 
from 0.34nm to 0.8nm, the H2 uptake of SWNT bundle (graphene sheets) is slightly enhanced to 
0.5wt% at 50bar and 300K. However the SWNT bundles are held together by strong van der 
Waals forces over its entire length, unless the interstitial channel spacing has been pillared by 
foreign dopants which prevent the channels from collapsing. Hence it is reasonable to surmise 
that the interstitial channel spacing of act-SWNT is about the same as p-SWNT because there is 
no intercalatant in act-SWNT. Furthermore, 13C NMR shows that at ambient conditions He atoms 
could access the interstitial sites of SWNT bundles whereas H2 and N2 molecules could not40. 
Inelastic neutron scattering study41 of H2-loaded SWNT bundle suggests that the location of the 
physisorbed H2 is most likely at the exterior surface and similar to activated carbon. Therefore the 
higher H2 uptake of act-SWNT is attributed mainly to its larger SSA and micropore volume than 
p-SWNT. 
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7.2.4. Conclusions 
In short, the H2 adsorption behavior of carbon nanotube is similar to activated carbon, 
which show appreciable H2 uptake at low temperatures. Therefore, it is imperative to modify 
carbon nanotubes to achieve larger SSA, micropore volume and size, and qst value for better 
physisorption of H2. Thus N doping and KOH activation is a favorable method to enhance the H2 
uptakes of CNTs, though the H2 adsorption is still dominated by the presence of large SSA and 
microporous texture. The creation of defects via plasma etching42 and special synthetic methods12 
have also been shown to improve the H2 uptakes. Likewise the deliberate introduction of dopants 
such as Li and solvated Li cations39 to increase the interstitial channels spacing of  CNTs, modify 
the qst values, and the charge transfer from the metal dopant to the nanotube polarizes the H2 
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7.3. Room temperature H2 uptakes of TiO2 nanotubes 
Since H2 uptakes of CNTs are diluted (<1wt%) at room temperature, two new candidates 
with better room temperature H2 uptakes have been proposed in this dissertation. TiO2 and BN 
naonotubes are relatively good candidates for room temperature H2 uptakes of ~2wt%. Therefore, 
the pressure-composition isotherms of TiO2 and BN nanotubes are mainly focused on room 
temperature. 
Our research group43 was the first to investigate multi-layered TiO2 nanotubes as a new 
candidate for hydrogen storage. This is motivated by the interstitial spacing between layers 
(dlayer=0.72nm, see Appendix Figure A7.16, page 224) of TiO2 nanotubes which is larger than the 
kinetic diameter of free H2 molecules (dhydrogen=0.29nm) and the interlayer distance of MWNT 
(dMWNT=0.34nm). In addition, the non-seamless structures of open-tipped TiO2 nanotubes imply 
that H2 molecules can enter the interlayer domain via the tips and sidewall defects. This is an 
added advantage because H2 molecules can intercalate between layers in the walls of TiO2 
nanotubes forming host-guest compounds TiO2⋅xH2. The H2 uptakes of TiO2 nanotubes were 
determined from pressure-composition (P-C) isotherms. The specific surface area and pore 
structure of TiO2 nanotube were determined from nitrogen adsorption isotherm at 77K. 
Temperature-programmed desorption (TPD) and FTIR techniques were employed to elucidate the 
H2 sorption properties of TiO2 nanotubes. 
 
Table 7.2. Adsorptive parameters of bulk TiO2 and titania nanotubes. 
Sample SSABET, m2/g Vmic, ml/g Vmeso, ml/g 
H2 uptake at 
6MPa , wt% Ea, kJ/mol 
TiO2 nanotube 
(~10nm) 197 0.274 0.379 2.0 15 
Bulk TiO2 
(50-600nm) 16 - 0.030 0.8 - 
 Specific surface area (SSABET) is determined by BET method. 
Micropore volume (Vmic) is determined using DR method. 
Total pore volume (VT) is determined at P/Po=0.98 
Mesopore volume (Vmeso) is obtained by VT – Vmic. 
Activation energy, Ea, is evaluated by Kissinger method 
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7.3.1. Nitrogen adsorption isotherms at 77K 
Table 7.2 compares the adsorptive properties of bulk TiO2 and TiO2 nanotubes. The pore 
structures of TiO2 samples were studied using N2 adsorption isotherm at 77K. The micropore 
volume of TiO2 nanotube was evaluated by Dubinin-Radushkevich (DR) equation. The pore size 
distribution (PSD) was analyzed by using the Barret, Joyner, and Halenda (BJH) and Horvath-
Kawazoe (HK) method. The results of the N2 adsorption isotherms studies are presented as Figure 
7.8. 
The N2 adsorption isotherm of TiO2 NT is typical of type IV isotherm according to the 
IUPAC classification.  The adsorption-desorption hysteresis loop is observed at P/P0 ≈ 0.43, 
indicating capillary condensation inside the nanotubes (innermost cavity). A smaller N2 
adsorption load is observed for the bulk TiO2 with no hysteresis loop (see Figure 7.8a). The 
specific surface area (SSA) of the TiO2 sample is determined by Brunauer-Emmet-Teller (BET) 
measurements in the P/P0 range of 0.05 to 0.43, which is a typical BET multi-layer adsorption. A 
12-fold increase in SSA is noted when the bulk TiO2 adopts a nano-tubular structure, from 16 to 
197 m2/g. 
The BJH plots of bulk TiO2 and TiO2 nanotubes were presented as Figure 7.8b. Three 
BJH peaks located at ~6.7nm, 3.4nm and 2.4nm are observed for TiO2 NT. The broad peak 
centered ~6.7nm is attributed to the inner cavities and pores formed inside the aggregates of the 
TiO2 NTs. It is supposed that the 10M NaOH solution exfoliates the anatase crystallites into 
layered sheets at ~120oC. The rolling-up of these unstable layered crystalline sheets results in 
non-seamless multiple-walled TiO2 nanotubes. Thus the layers of the TiO2 nanotubes contain 
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Figure 7.8c shows the HK plot for pore size distribution between 0.35nm-2nm. The pore 
size at 0.8nm is very close to the interstitial spacings between layers of TiO2 nanotubes. Similar 
to MWNT, the pore size at ~1.2-1.8nm is attributed to the grooves created from the randomly 
criss-crossing of TiO2 nanotubes. However, subnanopores (<0.56nm) is absence from TiO2 
nanotubes. The micropore volume of TiO2 nanotubes is evaluated using DR method, which yields 






















Figure 7.8. (a) N2 adsorption isotherms at 77K, (b) BJH pore size distribution of TiO2 nanotube 
and bulk anatase, (c) effective pore size distribution by HK method, and (d) DR plot. 
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7.3.2. Hydrogen adsorption isotherms 
The hydrogen uptake by TiO2 systems was measured with a commercial pressure-
composition (P-C) isotherm unit (see Figure 7.9). The TiO2 sample of ~300-500mg was first 
degassed at 250oC and 1 × 10-3 Pa for at least 2hr. When the sample was cooled to room 
temperature, the hydrogen sorption process began.  As shown in Figure 7.9a, the hydrogen 
concentration gradually increases as the pressure increases.  At room temperature and pressure of 
~900 PSI (~6MPa) the H2 uptake was ~2.0wt% H2 for TiO2 NT. A much lower hydrogen 














Figure 7.9. (a) P-C isotherms of TiO2 nanotubes and bu
isotherms of TiO2 nanotubes at 24oC, 70oC and 120oC. 
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process. The desorption curves of bulk and nanotubular TiO2 samples does not coincide with the 
adsorption curves as the H2 pressure is reduced.  Only ~75% of the stored hydrogen can be 
released when the hydrogen pressure is lowered to atmospheric conditions, revealing the 
irreversible nature of the process.  Obviously the hydrogen molecules which can be released 
simply by reducing the pressure are physically adsorbed, while the ~25% of adsorbed hydrogen 
molecules, which are held on the sample at lower pressures, are chemically adsorbed and 
desorption may occur upon heating it. This behavior is similar to the hydrogen sorption of ZnO 
nanowires19 and TiS2 nanotubes18, whereby it is estimated that 30-40% of the hydrogen is 
chemisorbed and can be released at elevated temperature of 75-185oC.  
The better hydrogen uptake of TiO2 NT can be attributed to its unique nano-tubular 
morphology and larger SSA such that sorption takes place both on external wall and interstitial 
channels. It should be noted that nearly perfect oxide surfaces are essentially inert to molecular 
H2 and sorption at room temperature usually takes place at defect sites44. The enhanced 
physisorption of TiO2 NTs can be rationale from the HRTEM images taken by us (see Fig 7.9 
inset, and Figure A7.16 page 224) and Yao et al.45 which revealed the shells of TiO2 NTs are not 
seamless since the tube structure was formed by rolling up titania single-layer sheets. Therefore 
there are more defects on TiO2 NTs, which give rise to better hydrogen sorption than bulk TiO2. 
In addition, the intercalation of H2 molecules into the interstitial sites of the walls of TiO2 
nanotube and giving rise to a host-guest compound (TiO2⋅xH2) increases its H2 uptake capacity. 
The formation of a host-guest compound (TiO2⋅xH2) has been verified by Bavykin et al.46 using 
solid-state 1H MAS NMR, which showed a signal of intercalated molecular H2 at 4.5ppm. 
Bavykin et al.46 estimated the coefficient of self-diffusion of H2 inside the walls of TiO2 NT at 
room temperature to be 2.8 x 10-13 cm2s-1. However, these intercalated H2 molecules are weakly 
chemisorbed onto the TiO2 nanotubes and can be released upon heating at 70oC (vide infra). 
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The P-C isotherms of TiO2 NT were repeated at 2 elevated temperatures of 70oC and 
120oC (Figure 7.9b). It is noted that the maximum H2 uptake is reduced, with 1.45wt% and 
1.10wt% hydrogen uptakes at 70oC and 120oC respectively. The desorption-curves return closer 
to the absorption-curves, with 0.25wt% and 0.13wt% H2 remain for the 70oC and 120oC P-C 
isotherms respectively.  TPD and FTIR were further employed to understand the H2 adsorption-
desoprtion mechanism of TiO2 nanotube. 
 
7.3.3. TPD and FTIR studies of H2-soaked TiO2 nanotubes 
TPD was performed on a home-built stainless steel microreactor equipped with an online 
mass spectrometer (HPR20 mass spectrometer, Hiden Analytical Ltd). ~100mg of TiO2 nanotube 
was loaded into the middle of the microreactor and vacuum degassed at 250oC for 2hr. The TiO2 
nanotube was then soaked at ~9MPa of H2 pressure (purity 99.9995%) for 2hr at room 
temperature. Once the pressure returned to ambient conditions, the microreactor was purged with 
purified argon (flow rate=50ml/min) for 2hr to remove residual H2 before measuring the 
desorption process. The desorption process of the H2-soaked TiO2 nanotube was conducted from 
room temperature to higher temperatures at various heating rate with argon as the carrier gas. 
During TPD measurements, H2, N2, O2 and H2O desorption were monitored simultaneously. 
Nitrogen and oxygen gases desorption signals were not observed.  
From TPD process, the H2 desorption peaks shifted towards higher temperatures (from 
70oC to 119oC) as the heating rate was increased (10K/min to 25K/min, see Fig 7.10a). This 
strongly suggests that some hydrogen molecules were chemisorbed onto the TiO2 NT and 
therefore would not be released at room temperature so that the PCI desorption curve did not 
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re 7.10. (a) H2 desorption and (b) H2O desorption process during TPD of hydrogenated TiO2 
tubes at indicated ramp rate, using argon as carrier. (c) FTIR spectra of TiO2 nanotubes 
re and after H2 sorption. (d) Kissinger’s plot of H2 desorption of TiO2 nanotubes. 
 
Some hydrogen molecules are dissociatively adsorbed and bonded to the oxide ions can 
eleased inevitably as H2O at a higher temperature of 120-200oC when the OH bonds are 
red. Figure 7.10b shows the H2O desorption of the H2-soaked TiO2 nanotubes. The observed 
 desorption is due to the breaking of –OH bond from the hydrogenated TiO2 nanotubes. This 
t due to moisture in the H2 supply (or gas line) because a separate experiment was carried out 
g multi-walled carbon nanotube as a H2 storage material and there was no H2O desorption 
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peak. Furthermore, FTIR spectra of TiO2 NT revealed that there was a significant increase in the 
–OH signal (3427cm-1) after the hydrogenation process (see Fig 7.10c). The H2-soaked TiO2 NT 
was transferred into a glove bag (filled with dried nitrogen atmosphere) and pellatized with KBr 
for FTIR measurements. The adsorption of moisture is therefore minimized. The observation of 
the enhanced –OH infrared band is due to the chemisorbed H2 in TiO2 nanotubes. 
Since the adsorption branch does not coincide with the desorption branch (both 
physisorption and chemisorption is involved), the Kissinger’s equation26 is used to evaluate the 
heat of desorption instead of the Clausius-Clapeyron equation. The activation energy involved in 
the desorption of hydrogen from H2-soaked TiO2 nanotube is given by Kissinger Equation: 
                                                                                                                                        









where Tm is the temperature at which the maximum reaction rate peaks, β is the heating rate, Ea is 
the activation energy and R the universal gas constant.  
Figure 7.10d shows the Kissinger’s plot of H2-soaked TiO2 nanotubes at different heating 
rates. The slope is fitted to obtain the value of Ea/R. Thus the activation energy for hydrogen 
desorption for H2-loaded TiO2 nanotube was Ea ~14kJ/mol (~145meV). This value is much higher 
than the heat of adsorption of carbon nanotubes (~50meV), which indicates that chemisorption is 
involved for hydrogen-titania nanotube interactions. However this Ea value of TiO2 NT is lower 
than those of common metal hybrids47. 
 
7.3.4. Conclusions 
In short, nanotubular form of TiO2 has H2 sorption capacity of ~2wt% at room 
temperature and 6MPa, which is much higher than carbon nanotubes. Among them 75% are 
physisorbed and can be reversibly released upon the pressure reduction.  On the basis of P-C 
isotherms and TPD, it is estimated that ~13% are weakly chemisorbed and can be released at 
70oC while ~12% are strongly chemisorbed and released only at temperatures above 120oC. 
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7.4. Room temperature H2 uptakes of BN nanotubes 
Boron nitride is isoelectronic and isostructure to graphite, except for the presence of ionic 
B-N bonds in boron nitride compared to covalent C-C bonds in carbon. Boron nitride nanofibers, 
bamboo-shaped BN nanotubes, and collapsed BN nanotubes have been demonstrated to store ~2-
4wt% of H2 at room temperature and modest pressures. The large difference in electron affinity of 
the B-N bonds suggest that polarization of H2 molecules might be important for binding H2 onto 
the BN nanotube surfaces. The observed higher H2 uptake of BN nanotube than carbon nanotube 
warrants a further investigation. Therefore BN nanotubes were synthesized using a catalyzed 
mechano-chemical method (Appendix A7.2, page 205) and tested for H2 sorption. Likewise, the 
pressure-composition (P-C) isotherms, N2 adsorption at 77K, and temperature-programmed 
desorption (TPD) were employed to elucidate the H2 sorption behavior of BN nanotubes. 
 
 
Table 7.3. Adsorptive parameters of BN nanotubes and bulk BN. 
 
Sample SSABET, m2/g Vmic, ml/g Vmeso, ml/g 
H2 uptake at 
6MPa , wt% Ea, kJ/mol 
 BN nanotube 
(~10nm) 129 0.203 0.411 2.2 19.7 
Bulk BN (~1µm) 15 - 0.01 0.1 - 
 
 
Specific surface area (SSABET) is determined by BET method. 
Micropore volume (Vmic) is determined using DR method. 
Total pore volume (VT) is determined at P/Po=0.98 
Mesopore volume (Vmeso) is obtained by VT – Vmic. 
Activation energy, Ea, is evaluated by Kissinger method 
 
7.4.1. Nitrogen adsorption isotherms at 77K 
Table 7.3 compares the adsorptive properties of bulk BN and BN nanotubes. The N2 
adsorption isotherm of BNNT is typical of type IV isotherm according to the IUPAC 
classification.  The adsorption-desorption hysteresis loop is observed at P/P0 ≈ 0.43, indicating 
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capillary condensation inside the nanotubes (innermost cavity). A smaller N2 adsorption load is 
observed for the bulk BN with no hysteresis loop (see Figure 7.11a). The Brunauer, Emmett, and 
Teller (BET) measurements show that the specific surface area (SSA) of the BN nanotube is 
determined to be 129m2/g, at least 8 times larger than that of bulk h-BN (15m2/g). The pore size 
distribution (PSD) was likewise analyzed by using the Barrett-Joyner-Halenda (BJH) method. A 
prominent PSD peak was observed at ~4nm, which can be attributed to the interstitial sites of the 




















BJH pore size distribution(a) (b)
Figure 7.11. (a) N2 adsorption isotherms at 77K and (b) BJH pore size distribution of BN 
nanotube. (c) Effective pore size distribution by HK method, and (d) DR plot. 
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Figure 7.11c shows the micropore size distribution (PSDHK, 0.36-2nm) of BNNT as 
determined by Horvath-Kawazoe (HK) method. The micropores of BNNT are mainly found at 
~1.8nm, 1.2nm and 0.9nm, which is very similar to MWNT samples. No subnanopore can be 
found on BN nanotubes, this is in contrast to CNx nanotubes.  
The micropore volume of BN nanotubes is likewise evaluated using Dubinin-
Radushkevich (DR) method, which yields Vmic=0.203ml/g (see Table 7.3). BN nanotubes are 
noted to possess a higher amount of micropore volume than pristine MWNT (Vmic=0.055ml/g), 
but fewer amount of micropore volume than CNxNT (Vmic=0.275ml/g). This might be due to the 
mixture of bamboo-shaped and concentric hollow BN nanotubes. 
 
7.4.2. Hydrogen adsorption isotherms 
The hydrogen uptake of BN nanotube was carried out in similar fashion as TiO2 
nanotube. Briefly, the BN samples of ~300-500mg were degassed at 350oC and 1 × 10-3 Pa for at 
least 2hr. When the samples had cooled to room temperature, the hydrogen sorption process 
began. Figure 7.12 shows the pressure-composition isotherms of the BN nanotube at 24oC, 180oC 
and 250oC. The H2 uptake of the BN nanotube was 2.2wt% at room temperature and 6MPa.  This 
value is much higher than those of bulk BN (~0.1wt%, see inset of Fig. 7.12). As seen in Figure 
7.12, the H2 desorption curves of the BN nanotubes do not coincide with the adsorption curves 
and these strongly suggest the presence of H2-chemisorption. At 180oC and 250oC the maximal 
H2 uptakes were reduced to 1.6wt% and 1.2wt% respectively. The desorption curves returned 
closer to the adsorption curves at higher temperatures. Preliminary tests of 10 consecutive cycles 
of H2 adsorption and desorption (each cycle is accompanied with degassing at 350oC) at 25oC, the 
hydrogen-storage capacity of BNNT still retain a H2 uptake of ~2.2wt%, indicating a reasonably 
good recyclability in the H2 adsorption and desorption process. 
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Figure 7.12. P-C isotherms of BN nanotubes at 24oC (blac
250oC (red curves). Inset: P-C isotherm of bulk BN powder a
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small defects, hydrogen prefers to adsorb on the boron atom. While for large defects, hydrogen 
prefers to adsorb on the nitrogen atoms in the high curvature regions. Therefore, from TEM 
images (see page 207), it is surmised that the BN nanotubes prepared by the present method are 
defective and some possessed a bamboo shape, and the presence of defects enhanced its H2 
adsorption. 
 
7.4.3. TPD of H2-soaked BN nanotube 
The TPD measurement of H2-soaked of BN nanotube was performed in a similar fashion 
as TiO2 nanotube. Briefly, ~100mg of BN nanotube was degassed at 400oC for 2hr before the BN 
nanotube was soaked in ~9MPa of H2 pressure. Figure 7.13 shows the TPD of the H2-soaked BN 
nanotube at different ramp rate. A H2 desorption peak of chemisorbed hydrogen was observed at 
~180oC and the H2 desorption extended to 300oC for ramp rate=10K/min using Ar as carrier gas. 
However, FTIR measurement of the H2-soaked BN nanotube did not observed any B-H or N-H 
bonds. Wang et al.50 had investigated mechanically milled hexagonal BN-H system (i.e. h-BN 
powder milled in H2 atmosphere for 80hr), and observed from FTIR spectra and TPD that H2 was 
partially released from B-H (~500K) and N-H (~1000K) bonds. Since the H2 desorption 
temperature of BN nanotube occurs at ~180oC, it is assumed that the H2 molecules are adsorbed 
onto BNNT via a relatively weaker chemisorption process without dissociation.  Thus on the 
basis of TPD and P-C isotherms, it is estimated that ~50% of the adsorbed hydrogen on the BN 
nanotube is chemisorbed. 
Likewise Kissinger’s method26 was employed in determining the activation energy 
involved in the desorption of hydrogen from H2-soaked BN nanotube. The inset of Figure 7.13 
shows the Kissinger’s plot of BN nanotubes at different heating rates. The slope is similarly fitted 
to obtain the value of Ea/R. Thus the activation energy for hydrogen desorption for H2-loaded BN 
nanotube was ~19.7kJ/mol (~204meV). This value is much higher than the heat of adsorption of 
carbon nanotubes (~50meV) and TiO2 nanotubes (~145meV), which indicates that relatively 
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stronger chemisorption is involved for hydrogen-BN nanotube interactions. Therefore the H2 













Figure 7.13. H2 desorption process during TPD of hydrogenated BN nanotubes at indicated ramp 




In short, BN nanotube has H2 storage of 2.2wt% at room temperature and 6MPa. It is 
estimated that ~50% of the sorption is chemisorption-like and the remaining is physiorption. 
Desorption of the chemisorbed H2 occurs at ~180-250oC and the activation energy of H2-
desorption is determined to be ~204meV. The mechano-chemical synthesis yields defective BN 
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7.5. Insights into H2 physisorption – concluding remarks 
The H2 storage studies of carbon nanotubes, TiO2 nanotubes and BN nanotubes give 
useful insights into the mechanism involved, the adsorptive properties pertinent to H2 uptakes and 
post-synthesis treatment to enhance the H2 storage. The creation of micropores (0.56nm-2nm), 
and increment of micropore volume are noted to be beneficial to H2 storage capacity. The 
morphology of the nanosized materials, to certain extent, seems to affect the H2 storage. For 
example, bamboo-shaped N-doped carbon nanotubes have larger SSA and higher H2 storage than 
the pristine concentric-shaped carbon nanotubes. This implicitly indicates that the choice of 
synthetic technique is important for the producing the nano-materials with the desire traits. For 
example, H. Gao et. al.12 has used a template method to synthesize open-tipped insufficiently 
graphitized MWNTs, which posses many defects and subnanopores, and these defective MWNTs 
have a H2 storage of ~6.5wt% at 10MPa and 77K. Defects are crucial for increasing the H2 
storage capacity. Defects can be manifested as missing bonds or atoms, kinks and buckles of the 
structures, nanosized cracks or crevices. Theoretical investigations indicate that H2 binds more 
favorably at defective sites49,50. Noteworthy, wedging the interlayer distance of lamellar nano-
materials to larger spacing presents a novel method to store H2. As indicated by the study of 
multilayered TiO2 nanotubes, the non-seamless sidewalls provide easy access to H2 molecules 
and allow formation of host-guest compound, TiO2.xH2. Hetero-atomic materials such as BN, 
doped carbon nanotubes and hypothetical B2O3 nanosheets51 bind H2 molecules more strongly. 
The heterogeneity of the molecular surface provides more H2 binding sites with different degree 
of strength (compare the case of BN and pure C nanotubes). Hence the above-mentioned criteria 
can guide us to investigate and search for new H2 storage nano-materials. 
Table 7.4 shows the hydrogen storage of nanomaterials, novel porous adsorbents, and 
hypothetical materials. The literature is chosen based on recent experimental and theoretical 
findings, novelty of the materials and potential H2 sorption capacity that warrants further 
investigations. The H2 storage studies of carbon nanotubes and BN nanotubes strongly suggest 
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that post-synthesis treatments (high temperature annealing, surface modifications and chemical 
treatments), presence of defects and even the choice of synthetic techniques are important factors 
which can affect the H2 sorption capacity. The synthesis and characterizations of new 
nanomaterials open up new possibility of storing H2 via novel mechanism. Furthermore it is 
interesting to study the H2 sorption properties of a family of nanomaterials synthesized using 
dissimilar synthetic methods. As an illustration, as indicated in Table 7.4, the family of BN 
nanomaterials have H2 uptakes of ~1-4wt% depending on the synthetic methods and post-
treatment.  
Metal-organic-framework21 (e.g. MOF-5) and microporous polymers22 are currently 
attracting great attentions as potential H2 storage materials because the important parameters such 
structural framework, porosity and specific surface area can be well-controlled and tailored 
accordingly. A judicious choice of framework might render a MOF with selective gas sorption 
properties.  
Hypothetical materials such as Ti-modified SWNT52, alkali-doped pillared SWNT39 and 
Ti-modified C6053 give new insights to H2 sorption mechanism of SWNT and C60. These 
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Table 7.4. A comparison of H2 uptake by various nanostructured materials. 
 
 Ref Sample H2 uptake / wt% Conditions 
7 SWNT (diameter ~ 1.85nm) 2.4-4.2 10MPa, r.t. 
8 Purified SWNT  0.01 (1.0) Ambient pressure, r.t (77K) 
9 Purified SWNT 5.1 Atomic H, desorbed 600oC 
10 Purified MWNT 0.25 Ambient pressure, 25-400oC 
11 Alkali-doped MWNTs ~2.0 Ambient pressure, 20-500oC 









a SWNT & MWNT samples 0.2-0.78 (1.5-3.7) 6MPa, r.t. (77K) 
54 Mesoporous carbon 1.78 0.11MPa, 77K 
55 K-doped superactivated carbon 1.6 5MPa, r.t. 




23 Carbide-derived carbons 1.9-3.0 1atm, 77K 
13 BN nanofibers 2.9 9MPa, r.t 
14 BN nanotubes 1.8−2.6 10MPa, r.t 
15 Collapsed BN nanotubes 4.2 10MPa, r.t. 
16 BN nanotubes, cages, capsules 1−3 Ambient pressure, 20⎯300oC 







a BN nanotubes 2.2 6MPa, r.t. 
17 MoS2 nanotubes 1.2 3MPa, r.t. 
18 TiS2 nanotubes 2.5 4MPa, r.t. 
19 ZnO nanowires 0.83 3.03MPa, r.t. 













a TiO2 nanotubes 2.0 6MPa, r.t. 
21 Metal-organic-framework, MOF-5 1.0 (4.5) 20bar, r.t. (78K) 
22 Microporous polymers 1.44-1.70 10bar, 77K 














25 Nanoporous nickel phosphate 1.26 600Torr, 77K 
52 Ti-doped SWNT  2.85-7.50 Dissociative & molecular adsorption 














53 Ti-clustered C60 8.0 Dissociative & molecular adsorption 
 
a this thesis 
r.t. denotes room temperature 
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Figure A7.3. H2 uptakes of (a) AX-21 and HZSM-5, and (b) various carbon nanotubes at 77K 
and pressures up to 770torr. The isotherms are completely reversible. Open symbols (adsorption), 
and filled symbols (desorption). 
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ransmission electron micrographs of (a) p-SWNT, (b) act-SWNT, (c) p-MWNT, 
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Appendix A7.2. Synthesis and characterizations of boron nitride nanotube 
Introduction 
Boron nitride nanotube is isoelectronic and isostructural to carbon nanotube. Unlike 
carbon nanotube which can be metallic or semiconducting, BNNT is semiconducting with a 
bandgap of ~5eV and that the gap is nearly independent of the tube diameter, chirality and the 
number of BN layers; a phenomeon that has been attributed to the ionic origin of the BN bonding. 
The uniform semiconducting property of BNNT implies that it has great advantages for electronic 
applications. BN nanotube has been successfully synthesized using similar techniques applied for 
the growth of CNT, such as arc-discharge, laser ablation and chemical vapor deposition (CVD)1-3. 
However most of the methods reported may require sophisticated equipment, usage of harmful 
precursors such as borazine and ammonia, and high synthesis temperatures ≥1400oC. In light of 
its interesting electronic properties and potential applications of BNNT, a simple and scalable 
synthesis method will be desirable. In this appendix A7.2, boron nitride nanotube (BNNT) was 
synthesized using a catalyzed mechano-chemical reaction.  The BNNT was characterized with 
electron microscopy, x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), Fourier 
Transform infrared (FTIR) and Raman spectroscopy. 
 
A7.2.1. Synthesis of BNNT: Catalyzed mechano-chemical process 
Preparation of nickel-boron catalyst 
The nickel-boron catalyst was prepared by ball-milling nickel boride (NiBx) and boron 
powders. The nickel boride was prepared by the reduction of nickel chloride with potassium 
tetrahydridoborate (KBH4). 300mM of KBH4 aqueous solution and 50mM of NiCl2 solution 
(NiCl2⋅6H2O was dissolved in methanol/water, 1:1 volume ratio, solution) were prepared 
separately. 200ml of KBH4 solution was added dropwise to 400ml of NiCl2 solution under 
vigorous stirring. The resulting NiBx powder were filtered and rinsed with distilled water. The 
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molar ratio of boron to NiBx catalyst was 4:1 respectively, and the mixture was ball-milled in air 
atmosphere for 48 hours at 180rpm (Planetary ballmill, Fristsch Pulverisette 5). The ball-milled 
Ni-B powder was loaded into a horizontal quartz tube reactor flowing with a mixture of N2:H2 
gases with their flow rates at 15 vs 35 ml/min respectively. The continuous supply of H2 is noted 
to be crucial for the efficient growth of the BN nanotube.  The reactor was heated up at 7.5oC/min 
to a maximum temperature of 1025oC and held for 2 hour. The as-prepared BNNT was sonicated 
in 8M HCl acid to remove the residual Ni particles. The acid-treated BNNT was rinsed with 
distilled water and dried at 80oC overnight. 
 
A7.2.2. Characterizations of boron nitride nanotube
Electron microscopy 
Figure A7.5 shows the electron micrographs of the BN nanotubes. The diameters of BN 
nanotubes ranged from 20-50nm, while the lengths were widely distributed from >250nm to a 
few micrometers. The BN nanotubes have non-uniform and irregular morphology. Ni 
nanoparticles encased at the tip of the BNNT can be observed from the TEM micrographs. The 
short lengths of BNNT might be due to the relatively lower synthetic temperature used (1150oC is 
the safety limit of the tube furnace). The BNNT has defective exterior and some of the nanotubes 
have a bamboo-shaped core. Defective BNNT is an attractive nano-material for hydrogen storage, 
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M and (b) TEM images of boron nitride nanotubes synthesized from a ball-
catalyst and heated in nitrogen-hydrogen gas mixture at 1025oC. 
tion (XRD) 
RD patterns of the BN nanotube and bulk BN are shown in Figure A7.6. All 
 be indexed as hexagonal-phase boron nitride with lattice constants of a = 
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2.48Å and c = 6.79Å, which are consistent with literature (JPDCS, No. 45-895, a = 2.5044Å and c 
= 6.6562Å). The (002) peak indicates the presence of well-stacked layered structures in hexagonal 
BN. Furthermore the (002) peak of BNNT is slightly shifted to lower angle as compared to bulk 
h-BN crystal, indicating a slight expansion of the interplanar spacing (from 3.33 to 3.40Å) in 
nanometric tube-like morphology. The broadening of the (002) peak is due to the reduced domain 
size in the direction that is perpendicular to the (00l) plane. The (00l) reflections are associated 
with the orderly stacking along the c-axis, while the (hk0) reflections indicate the ordering in the 









Figure A7.6. XRD patterns of BN nanotube and bulk BN powders. 
 
FTIR and Raman spectroscopy 
The FTIR spectrum of BN nanotube exhibits two strong characteristic peaks located at 
~1380 and ~805 cm-1 (Figure A7.7a). The former is the B-N vibration along the axis of the 
nanotubes, while the latter is the B-N vibration perpendicular to the axis4.  Computational 
simulations5 and LEED study6 have shown the substantial buckling of B-N bonds in the bulk sp2-
based layered structure.  Outward displacement of nitrogen atoms has been predicted and 
experimentally observed.  Due to the curvature of the BN nanotube this buckling becomes more 
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evident.  This structural buckling results in some sp3 admixture in sp2 BN bonding so that the 
softening of the FTIR vibration modes can be observed.  Indeed in comparison with bulk h-BN, 
the B-N vibration perpendicular to the axis of the BNNT is shifted to lower frequency (from 811 










Figure A7.7. (a) FTIR and (b) Raman spectra of the purified BNNT 
 
The Raman scattering spectrum of BN nanotube exhibits only one Raman active mode, 
E2g, in the range of 1100-1600cm-1 (Fig A7.7b). The E2g mode of boron nitride is due to the in-
plane atomic displacement of B and N atoms against each other. This peak is located at 1356cm-1 
for the BN nanotube and the full-width at half maximum (FWHM) is ~32cm-1. The E2g Raman 
peak of BN nanotube, compared to bulk BN, was broader and downshifted by 12cm-1. This is 
attributed to the buckled structure of BN nanotubes. 
 
X-ray photoelectron spectroscopy (XPS) 
 XPS was employed to determine the chemical composition of the BN nanotube (see 
Figure A7.8). The elemental composition of the BNNT was determined as followed: 
                                                         %X = (Ax/Sx) / ΣNi=1(Ax/Sx)                                             [A7.1] 
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where X is the element, Ax the area under the peak of element X in the spectrum, and Sx is the 
sensitivity factor. The sensitivity factor of nitrogen and boron are 0.42 and 0.13 respectively. The 
average atomic ratio of B:N is around 1.04:1 on the basis of quantification of the B1s and N1s 
peaks. The slightly higher B content might be due to residual boron. The B1s peak and N1s peaks 
are located at 190.5eV and 398.3eV, respectively, which are in good agreement with the values of 
bulk BN. The O1s peak might be due to the adsorption of CO2, O2 and H2O impurities onto the 



















A7.2.3. Formation mechanism of BNNT via mechano-chemical process 
Ammonia gas is not essential since it is reported that NH3 decomposes into N2 and H2 
gases at >550oC7. It is inferred that extensive ball-milling of boron and NiBx powders resulted in 
a nanometeric boron-nickel mixture, which is essential for the synthesis of BN nanotubes. It is 
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noted that H2 gas is crucial to the efficient growth of BN nanotubes in terms of the activation of 
the metallic Ni, which could absorb nitrogen into the B-Ni alloy. At 1025oC the formation of Ni-
BN eutectics yields anisotropic growth of BN nanotubes. However the formation mechanism of 
the present BN nanotubes is unlikely explained by VSL model, mainly due to the transport of 
boron atoms into the NiBx catalyst. The synthetic temperature of 1025oC is too low to melt boron 
and generate boron-containing vapor.  
Chen et al.2 has also employed a similar mechano-thermal technique to synthesize BN 
nanotubes. The nitrogenated boron powder was achieved via ball-milling in ammonia 
atmosphere, and heating the resulting powders at ≥1200oC in N2 gas to yield multi-walled boron 
nitride nanotubes. Chen et al.2 has proposed a solid-liquid-solid (SLS) mechanism for the 
formation of BN nanotube. However it should be noted that the extensive ball-milling process has 
introduced metallic impurities such as Fe nanoparticles into the milled boron matrix; Fe 
nanoparticles can be seen encased at the BN nanotube tips in Chen et al. report2. In addition, to 
the best of my knowledge, there is no report that boron powder reacts directly with nitrogen gas 
to form BN without the presence of a catalytic impurity. Due to the introduction of Fe 
nanoparticles in the milling process, B-N layers are able to germinate anisotropically out of the 
nitrided boron matrix to yield nanotubes.  
However, in my synthesis of BN nanotube, the boron-NiBx mixture was not nitrogenated 
during the ballmill process. The nitrogenation process takes place when the B-NiBx catalyst was 
heated at 1025oC under nitrogen-hydrogen flow. The nitrogen atom and boron atoms (from the 
milled boron) diffuse into the Ni catalyst and precipitate out BN sheets unidirectionally. 
Therefore the likely formation mechanism of the present BN nanotube using a catalysed 
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Appendix A7.3 Synthesis and characterizations of TiO2-derived nanotubes 
Introduction 
The preparation of one-dimensional (1D) TiO2-related materials (nanotubes, nanowires, 
nanobelts and nanorods) is of great importance because of their unique morphologies, properties 
and promising applications. However there are disagreements in literature regarding the chemical 
structure of the TiO2-derived nanotubes synthesized via a hydrothermal process. Therefore in this 
section A7.3, the disputed chemical structure of these TiO2-derived nanotubes will be discussed. 
Kasuga et al.8 first reported the observation of TiO2-derived multi-walled nanotubes 
(NT), which were synthesized via a hydrothermal process between bulk TiO2 powder and 10M 
NaOH solution at 120oC. Yao and Wang et al.9,10 repeated the experiment and concluded that the 
observed multi-walled nanotubes were TiO2. In addition, based on Ti L-edge EELS study of 
various types of titanium oxides, Akita et al.11 likewise suggested that the TiO2-derived nanotubes 
had coordinated bonds the same as TiO2, in which 6 oxygen atoms surround the Ti atoms. They 
proposed that when bulk TiO2 was treated with 10M NaOH at 120oC, some of the Ti-O-Ti bonds 
were broken, and Ti-O-Na and Ti-OH bonds are formed. Subsequent treatment with diluted HCl 
and distilled water removed both Ti-O-Na and Ti-OH bonds, and formed new Ti-O-Ti bonds. At 
this stage, the metastable anatase phase rolled up to form the tubular structures by the soft 
chemical reaction.  
On the other hands, other research groups also repeated the synthesis but reported that the 
formation mechanism are better described by layered titanate. Both H-form layered titanate 
(H2Ti3O7⋅nH2O n ≈ 0.5−3, H2Ti4O9⋅H2O, HxTi2-x/4 x/4O4 x ≈ 0.7,  : vacancy and H2Ti2O4(OH)2)12-
18 and salt-form layered titanate (NaxH2-xTi3O7 x ≈ 0.5 – 0.75)19,20 nanotubes had been suggested 
to be the final products. This proposed formation mechanism of TiO2-derived nanotube from a 
layered titanate is very similar to other inorganic nanotubes synthesized from lamellar 
precursors21.   
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Nonetheless, it should be noted that all the above-mentioned final products of TiO2 
hydrothermal synthesis, titania and titanate nanotubes, are important 1D TiO2-related materials 
worthy of studying. For example, titania nanostructured materials can be applied as 
photocatalysts for the purification of air and aqueous pollutions22, while trititanate (H2Ti3O7) 
nanotube would be a potential proton-conducting fuel cell electrolyte and Li-battery electrode23. 
Likewise TiO2(B) (a polymorph of TiO2) nanotube is a promising Li intercalation host material 
because of its low density and tunnel structures24-26. Ion exchangeable sodium titanate (NaxH2-
xTi3O7) nanotube can be applied as a novel 1D cation exchanger and sorbent for the control and 
management of radioactive wastes27. 
It would be more useful if one could properly control the types of TiO2-related 
nanostructured materials as the final products. A careful study on the synthetic conditions of 
TiO2-derived nanomaterials was conducted to address the conflicting issues mentioned above. 
Post-synthesis treatments such as 0.1M HCl acid washing and air annealing are found to be key 
experimental parameters. It is demonstrated that under appropriate conditions various types of 
TiO2-derived nanostructured materials including trititanate, sodium titanate, TiO2(B) nanotubes, 
anatase nanotubes and anatase nanowires / nanorods could be selectively synthesized.  
 
A7.3.1. Synthetic procedure: Hydrothermal method 
A systematic hydrothermal process was carried out throughout the whole experiments. 
Typically 1g of commercially available bulk TiO2 (Merck, anatase) were refluxed in 100ml of 
10M NaOH. The temperature and reaction time were fixed at 120oC and 48hr respectively. All 
acid washing process was carried out with 0.1M HCl at room temperature. The TiO2-derived 
nanotube was recovered by centrifugation. One set of the TiO2-derived nanotube was washed 
thoroughly with distilled water only. Another set of the TiO2-derived nanotube was washed with 
copious amount of 0.1M HCl acid (2L), pickled in fresh 500ml 0.1M HCl overnight and followed 
by washing with distilled water. The acid washing was considered as a proton exchange process 
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in our experiments. All the samples were air dried overnight at 80oC. Subsequent air annealing 
was carried out in a well-ventilated furnace. Figure A7.9 summarizes the synthetic routes and 











Figure. A7.9. Synthetic pathways and post-synthesis treatments of TiO2-derived nanomaterials. 
 
A7.3.2. Characterizations of TiO2-derived nanotubes. 
Electron microscopy 
From electron microscopy (see Figure A7.10 and Figure A7.11), TiO2-derived multi-
walled nanotubes were obtained from the hydrothermal process with and without acid wash. This 
implied that tubular structures were already formed during the extended hydrothermal process. 
Based on our experimental studies (vide infra), we had labeled the nanotubes obtained without 
acid washing as ion exchangeable sodium titanate nanotubes, eg. NaxH2-xTi3O7 where x ≈ 
0.5−0.75, as suggested by Sun and Yoshida et al.19,20 On the other hands, the TiO2-derived 
nanotubes which were washed with copious amount of 0.1M HCl acid can be better labeled as 
layered protonic titanate, eg. trititanate nanotubes (H2Ti3O7⋅nH2O) as suggested by Suzuki et al13.  
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Figure A7.10. SEM images 
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Figure. A7.11. TEM images of (a) as-synthesized trititanate nanotubes, (b) NaxH2-xTi3O7 
nanotubes annealed at 300oC for 32hr, (c) TiO2(B) nanotubes, (d) TiO2-anatase nanotubes, (e-f) 
collapsed TiO2-anatase nanowires / nanorods after calcination at 500oC for 4hr, (g) sodium 
titanate nanowires and (h) TiO2-anatase nanowires after proton exchanged and calcination of 
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Figure. A7.12. (a) XRD patterns and (b) Raman spectra of (i) trititanate nanotubes with acid 
wash, (ii) after calcination at 200oC for 4hr, (iii) obtained TiO2(B) nanotubes after calcination at 
300oC for 4hr, (iv) anatase phase observed after calcination at 300oC for ≥24hr, (v) collapsed of 
nanotubes into TiO2-anatase nanowires and nanorods at 500oC for 4hr. TiO2(B) and anatase are 













Figure. A7.13. (a) XRD patterns and (b) Raman spectra of (i) NaxH2-xTi3O7 nanotubes without 
acid wash, (ii) after calcination at 300oC for up to 32hr, (iii) after calcinations at 500oC for 4hr, 
(iv) obtained sodium titanate (Na2Ti6O13) nanowires after calcination at 600oC for 4hr and (v) 
TiO2-anatase nanowires were obtained after acid washing and annealing Na2Ti6O13 nanowires. 
Na2Ti6O13 and anatase are indexed as * and α respectively in the XRD patterns. 
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Powder x-ray diffraction (XRD) 
Nevertheless XRD study shows that the nanotubes obtained from different post-synthesis 
treatments may have different crystalline structures. As indicated in Figure A7.12a-i (trititanate 
NT) and Figure A7.13a-i (NaxH2-xTi3O7 NT), acid washing has a drastic effect on the XRD 
patterns of the TiO2-derived nanotubes. Clearly, the XRD peak intensities of (200), (110) and 
(600) are affected by the acid washing process, which may be attributed to the replacement of Na+ 
ions by H+ ions in the TiO2-derived nanotubes. The Raman spectra of the as-synthesized 
trititanate and NaxH2-xTi3O7 nanotubes were alike (see Fig A7.12b-i & A7.13b-i respectively) and 
very hard to differentiate them apart. However their differences in thermal stability and related 
XRD and Raman patterns helped us to identify the types of titanate nanotubes.  
It has been reported that proton exchange and subsequent dehydration of layered titanates 
with the formula A2TinO2n+1 (A= Na, K, Cs; 3 ≤  n ≤ 6) yield TiO2(B) at temperatures below 
350oC.28 In other words, calcination of H2Ti3O7 at ≤ 350oC converts it into TiO2(B). From Figure 
A7.12a-ii, upon heating the acid-washed nanotubes to 200oC for 4hr, the weak XRD d002 peak of 
the nanotubes downshifted from ~9o to ~11o. This d200 peak downshifted further from ~11o to 
~14o when the nanotubes were heated at 300oC for 4hr. The resulting XRD pattern of the acid-
washed nanotubes calcined at 300oC can be satisfactorily indexed as TiO2(B) structure (JCPD 
PDF No. 35-0088).  
When TiO2(B) was annealed at 300oC for a prolonged period (≥24hr), however, the d200 
intensity was greatly reduced (but still discernible and remained at ~14o) and anatase phase was 
observed. Therefore the duration of calcination has a drastic effect on the structures of TiO2(B) 
nanotubes, which convert to TiO2-anatase nanotubes (see XRD Fig A7.12a-iv). When the 
trititanate nanotubes were calcined at 500oC for 4hr, the d200 peak diminished and XRD pattern 
can be indexed as an anatase structure (Fig A7.12a-v). We believed that at >400oC, the TiO2(B) 
nano-tubular structures started to collapse and break up into shorter anatase nanowires and 
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nanorods. This is supported by Fig A7.10 and Fig A7.11e-f, which show the images of segmented 
TiO2-anatase nanowires and nanorods calcined at 500oC for 4hr. 
Ion exhangeable sodium titanate (NaxH2-xTi3O7) nanotubes had better thermal stability 
than trititanate nanotubes because of the presence of Na+ ions. In a similar fashion, we had 
calcined the NaxH2-xTi3O7 nanotubes at 300oC (32hr), 500oC (4hr) and 600oC (4hr) and studied 
the corresponding XRD and Raman spectra. 
In Figure A7.13a, the XRD pattern of NaxH2-xTi3O7 nanotubes calcined at 300oC for 32hr 
was essentially the same as the starting material. TEM images of Fig A7.11b shows that the nano-
tubular structures are still preserved after 32hr of 300oC annealing. This is in sharp contrast to 
trititanante nanotubes which dehydrate into TiO2(B) and subsequently to anatase nanotubes for 
prolonged calcination. Thus this strongly suggests that there is no degradation of the crystal 
structure of the sodium titanate framework and the thermal stability of the nanotubes was strongly 
dependent on the presence of Na+ ions.  
When NaxH2-xTi3O7 nanotubes were heated at 500oC for 4hr, some new peaks began to 
develop in the XRD pattern (see Fig A7.13a-iii). The d200 peak broadened and downshifted 
slightly from ~10o to ~12o, and a new peak located at ~32o was noted. Upon further heating to 
600oC for 4hr, these new phases were fully developed (Fig A7.13a-iv). These new XRD peaks 
can be satisfactorily indexed as Na2Ti6O13 (JCPD PDF No. 14-277). TEM images (Fig A7.11g-h) 
revealed that at ≥500oC the NaxH2-xTi3O7 nanotubes had transformed to nanowires. It is also noted 
that there are fewer nanorods when NaxH2-xTi3O7 nanotubes are collapsed into nanowires. In 
addition, these so-called Na2Ti6O13 nanowires can be transformed into TiO2-anatase nanowires 
via a similar 0.1M HCl washing and calcination at 400oC for 4hr. This is confirmed by XRD and 
Raman spectra which indicate that an anatase phase when the Na2Ti6O13 nanowires was proton 
exhanged and calcined at 400oC for 4hr (see Fig A7.13a-v and Fig A7.13b-v). 
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Raman spectroscopy 
The exact assignment of the Raman modes for these TiO2-derived nanotubes is currently 
not well established in literature. This is because the Raman modes of the TiO2-derived nanotubes 
were different from the bulk anatase and rutile phase, which show 6 and 4 active Raman modes 
respectively. However Raman spectroscopy can still be applied effectively to elucidate the 
presence of TiO2(B) and anatase phase after the annealing process. 
In good agreement with the XRD results, after calcination at 200-300oC for 4hr the 
Raman spectrum of the H2Ti3O7 nanotubes (Fig. A7.12b-i) changes greatly, with the new spectra 
of Fig. A7.12b-ii and Fig A7.12b-iii similar to that reported for bulk TiO2(B)24. When TiO2(B) 
was annealed at 300oC for a prolonged period (≥24hr) or at 500oC for 4hr, the Raman spectrum is 
dominated by an anatase phase, which was characterized by Eg (198cm-1, 637cm-1), B1g (395cm-1, 
513cm-1) and A1g (513cm-1) modes.  For NaxH2-xTi3O7 nanotubes, there is no major change in the 
Raman spectra (Figs. A7.13b) after heating it for 32hr at 300oC or for 4hr at 500oC. When sodium 
titanate nanowires were acid-washed and calcined at 400oC for 4hr, the formation of anatase 
phase is observable by Raman study as displayed in Fig. A7.13b-v.  
  
Thermogravimetric analysis (TGA) 
Figure A7.14 is the thermogravimetric analysis (TGA) of the TiO2-derived nanotubes. 
All TG samples were purged with purified air at 80oC for 2hr before the TG graphs were 
collected from 30oC to 800oC at a ramp rate of 5oC/min. From the TG curve (Fig A7.14-iii), it 
was estimated that ~11%wt of H2O was released from the trititanate nanotubes. This is higher 
than the expected dehydration process of the bulk trititanate,  H2Ti3O7 Æ H2O + 3TiO2; a loss of 
~7wt% H2O28. We accounted for the observed higher weight lost due to swelling via water 
intercalation into the (200) plane of H2Ti3O7 nanotubes. Water molecules might be intercalated 
between the interlayer of the nanotubes when the Na+ ions were proton exchanged. This 
assumption agrees well with the XRD data which indicate that the d200 value of as-synthesized 
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H2Ti3O7 nanotube is ~9.67Å; larger than 7.87 Å of bulk H2Ti3O7.26,28 When the trititanate 
nanotubes were heated up to 200oC, the d200 correspondingly moved from ~9.67Å to ~7.62Å 
which was closer to bulk H2Ti3O7. Therefore based on XRD and TGA studies, the trititanate 
nanotubes may be formulated as H2Ti3O7⋅0.5H2O. On the other hands, TiO2(B) nanotubes had a 
loss of only ~1wt%. Thus the TiO2-derived nanotubes after proton exchanged can be described as 
layered trititanate (H2Ti3O7⋅0.5H2O ) nanotubes and dehydrate into TiO2(B) nanotubes at 300oC 
for 4hr. The TGA profile of NaxH2-xTi3O7 nanotube was also displayed in Fig A7.14. A weight 








Figure. A7.14. TG analysis of (i) TiO2(B) nanotubes, (ii), NaxH2-xTi3O7 nanotubes pre-annealed 
at 300oC for 32hr, and (iii) as-synthesized trititanate nanotubes. Differentiated TG (DTG) curves 
were presented as dotted lines. 
 
 
The TGA of NaxH2-xTi3O7 nanotube has a gentler slope than trititanate nanotube. 
Furthermore, the differentiated TG (DTG) curves showed that the temperature of weight loss for 
trititanate nanotubes started at 272oC, while NaxH2-xTi3O7 nanotube was at 400oC. This is 
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Figure. A7.15. XPS (a) valence band (VB) and (b) core levels emission spectra of (i) bulk 
anatase TiO2, (ii) trititanate nanotubes, (iii) TiO2(B) nanotubes and (iv) NaxH2-xTi3O7 nanotubes. 
Inset: core-level Na1s of NaxH2-xTi3O7 nanotube. XPS core levels emission spectra were 
normalized using the Ti3p peak. The valence band spectra were offset for clarity of presentation. 
 
X-ray photoelectron spectroscopy (XPS) 
From the XPS photoelectron spectra in the binding energy region between 10 and 50eV 
(see Fig. A7.15b), a Na2p peak can be observed for the NaxH2-xTi3O7 nanotubes without acid 
wash (Fig. A7.15b-iv), which is not observed for the H2Ti3O7 nanotubes with extensive acid 
wash.  Additionally a strong Na1s peak located at ~1073eV was detected for NaxH2-xTi3O7 
nanotubes (inset of Fig A7.15b) and we estimated that x ≈ 0.7.  This provides a clear evidence 
that acid washing is a proton exchange process and affects the types of titanate nanotubes to be 
obtained.  A stronger shoulder of the O2s peak is observed for H2Ti3O7 (see Fig. A7.15b-ii) due 
to the chemical shift of oxygen in H2O. The XPS valence band (VB) structures these TiO2-
derived nanotubes were compared with bulk anatase. The O 2p-derived valence band of the bulk 
anatase is characterized by a VB width of ~4.7eV (estimated from the high and low binding 
energy limits at the inflection points of the VB) and 2 peaks centred at ~5.9eV and ~7.6eV, which 
are associated to π (nonbonding) and σ (bonding) O2p orbitals29,30. But the valence band of the 
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trititanate nanotubes, H2Ti3O7, which had been calcined at 200oC for 4hr, exhibits only 1 main 
peak at ~7eV and the VB width is reduced to ~3.7eV, which suggests a combination of π and σ 
O2p orbitals. On the other hands, TiO2(B) and NaxH2-xTi3O7 nanotubes exhibit a stronger π- and 
σ O2p emission intensities respectively. The VB width of TiO2(B) and NaxH2-xTi3O7 nanotubes 
are estimated to be about 4.7eV and 4.5eV respectively. Of particular interest is the valence band 
of TiO2(B) nanotubes which is quasi-resemble that of bulk TiO2-anatase. This is expected 
because the electronic structure of bulk TiO2(B) was calculated to be an n-type semiconductor 
with a band gap 3-3.2eV, which is similar to anatase or rutile31,32. 
On the basis of XRD, Raman, TGA and XPS results, one can propose that TiO2-derived 
nanotubes that had undergone extensive proton exchange (acid washing) could be suitably labeled 
as trititanate (H2Ti3O7) nanotubes. Calcination of trititanate nanotubes at 300oC for 4hr, dehydrate 
it to TiO2(B) nanotubes. When the TiO2(B) nanotubes were calcined at 300oC ≥24hr, however, it 
converted to TiO2-anatase nanotubes. Upon further calcination >400oC, the tubular structures 
collapsed and formed TiO2-anatase nanowires / nanorods. On the other hands, the TiO2-derived 
nanotubes obtained with water wash only can be labeled as ion exchangeable NaxH2-xTi3O7 
nanotubes. These NaxH2-xTi3O7 nanotubes are thermally more stable than trititanate nanotubes. At 
>500oC, NaxH2-xTi3O7 nanotubes likewise collapsed into nanowires. Hence a careful control of 
the synthetic pathway allows one to select the types of TiO2-related nanostructured materials as 
the final products. 
 
A7.3.3. Formation mechanism of titania nanotube. 
Figure A7.16 shows the TEM images of the products at different stages of the 
hydrothermal process. Stage 0 refers to the starting TiO2 materials. After ~6-10hr of 10M NaOH 
hydrothermal process at 120oC (stage 1), step-like structures and nanosheets exfoliated from bulk 
TiO2 are observed. This strongly suggests a sheet-folding process is involved. Curling and 
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scrolling of the nanosheets can be observed at Stage 2 (~18hr). At stage 3 (~24hr) of the 
hydrothermal process, formation of TiO2-derived nanotubes occurred. At stage 4, the final 
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The exterior walls of carbon nanotubes (CNTs) are decorated with metallic nanoparticles (NPs), 
and these CNT-NP hybrids are useful platforms for anchoring bio-molecules. In section (8.2), Pd 
nanoparticle and glucose oxidase enzyme are co-electrodeposited on Nafion-solubilized MWNT 
film. This Pd nanoparticle-oxidase-Nafion-MWNT hybrid is fabricated into a glucose sensor. In 
section (8.3), a genosensor based on Au nanoparticle-MWNT hybrid is investigated to detect 
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8.1. Bio-electrochemistry of carbon nanotube 
8.1.1. Introduction 
Although carbon nanotubes possess many interesting properties, the attachment of 
foreign nanoparticles may endow it with special properties which CNTs do not have. CNT has a 
large specific surface area and offers a rich surface chemistry, thus it is an excellent carbon 
support for the deposition of useful nanoparticles. The tips, inner cavities and exterior surfaces of 
CNTs have been successfully attached with foreign nanoparticles1-3. In addition, CNT has been 
used as (sacrificial) template for the synthesis of other nanostructured materials4,5.   
Therefore it is of great interests to find potential applications of these carbon nanotube-
nanoparticle hybrids. For examples, platinum nanoparticles deposited on CNTs have been widely 
studied as catalysts for H2-powered fuel cell technology6. CNT-gold nanoparticle array has been 
shown to possess better field emission current7. Carbon nanotubes coated with conformal layers 
of gold or silver showed enhanced optical limiting behaviour8. Therefore by combining the 
individual properties of nanoparticles and carbon nanotubes, these hybrids are very attractive 
novel materials for technological applications. 
The synergy of CNT and nanoparticles has been expanded to include bio-molecules such 
as proteins and deoxyribonucleic acid (DNA).  S. C. Tsang et al.9 investigated the interactions 
between open-tipped MWNTs and various small sized proteins (Zn2-Cd5-metallothionein, 
cytochrome c3 and β–lactamoase I). High-resolution TEM studies revealed that single protein 
molecules and their associated forms were immobilized inside the cavities of open-tipped 
MWNTs. Further investigations showed that enzymes can also be immobilized onto the exterior 
surfaces of SWNT which had been functionalized with carboxylic acid and succinimidyl ester10 
groups. Importantly, the immobilized enzymes still remained catalytically active and showed no 
sign of drastic conformational deformation.  
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K. A. Williams et al.11 also demonstrated that both ends of SWNT strands, which were 
terminated by carboxylic acid, can be covalently coupled to peptide nuclei acid (PNA). These 
PNA-derived SWNTs readily hybridized with complementary single-stranded DNA. The 
oligonucleotide adducts endow CNTs with DNA recognition properties which could be used to 
fabricate DNA hybridization sensors or genosensors.  
Since CNT possesses excellent electrochemical properties and interacts with bio-
molecules, it is palpable to study the electrochemical biosensing properties of CNT hybrids. In 
this thesis, CNT-nanoparticle hybrids are attached with specific bio-molecules for biosensing 
purposes. The role of nanoparticles serves as anchoring points for the bio-molecules, while CNTs 
serve as electrodes for transducing the interaction signals. A glucose biosensor based on 














Figure 8.1. A schematic set-up of (a) the electrochemical unit used for biosensing tests, and (b) a 
chemically modified electrode. 
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8.1.2. Concepts of electrochemical biosensing 
When a bio-molecule participates in a bio-chemical reaction, the occurrence of the 
reaction can usually be monitored. Depending on the techniques used to detect the bio-chemical 
reactions, a biosensor can be constructed to effectively monitor the overall reactions. Biosensors12 
based on magnetic, optical, thermal and electrochemical effects can be fabricated; each type of 
biosensors has its own merits. Nonetheless, biosensors base on electrochemistry stands out among 
the device fabrication. This is because electrochemical biosensor is highly sensitive, inexpensive 
and relatively easier to fabricate. 
Figure 8.1 shows the schematic setup of the electrochemical unit used for biosensing 
tests. It is a 3-electrode electrochemical cell, which consists of a working electrode (WE, glassy 
carbon electrode), counter electrode (CE, platinum wire) and a reference electrode (RE, saturated 
calomel or Ag/AgCl electrode). The 3 electrodes are immersed in 5-10ml of buffer medium. The 
bio-reaction of interest takes place at the WE interface, which is registered as electrical signals by 
the electrochemical measurement unit. Very often, the working electrode is modified before the 
attachment of bio-molecules (e.g. enzymes or DNA). Figure 8.1b demonstrates how the surface 
of the working electrode can be modified by the deposition of nanoparticles (e.g. MnO2 
nanoparticles), fullerene, polymers, surfactants, adsorption of special dyes and attachment of 
functional groups (such as thiolated / amine alky chains for gold electrode)13. The usefulness of 
modifying the working electrode is three-fold. Firstly, without the modifier, the direct attachment 
of a bio-molecule to the working electrode may ‘poison’ or block the active surface of the 
electrode and hinder effective detection. Secondly, with the modifier, the attachment of the bio-
molecule can be carried out in a more control fashion, in contrast to mere physical adsorption. 
Thirdly, the bio-molecule can be protected in a conducive environment in order to extend its 
catalytic properties, which is important for device fabrication. 
The modification of the working electrode with carbon nanotube film would present a 
useful and simple technique to enhance the electrochemical properties of the working electrode. 
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Generally, a homogenous CNT solution is used to cast a thin film of CNT onto the surface of the 
working electrode. For example, a significantly superior oxidative behaviour of dopamine14 (an 
important neurotransmitter) was observed for CNT-modified electrodes as compared to 
conventional electrodes. Another interesting aspect of CNT-modified electrode was the direct 
observation of protein electrochemistry, which is normally not observable or hard to detect in 
unmodified electrodes. J. J. Davis et al.15 showed that CNT-modified electrodes allow the 
observation of direct electron transfer (DET) of important enzymes such as cytochrome c and 
glucose oxidase without the assistance of mediators. Consequently, it is possible to fabricate a 
DET-based biosensor using carbon nanotubes. Therefore MWNT-modified glassy carbon 
electrodes have been chosen in this work to co-electrodeposit glucose oxidase enzymes and Pd 
nanoparticles for the fabrication of glucose biosensors (see section 4.3.1). 
The fine powdery nature of bulk CNT makes it very suitable to be used as powder 
microelectrode16. A powder microelectrode was fabricated by etching the tip of the Pt (diameter 
of Pt: 50-150mm) microdisk electrode in saturated CaCl2 solution, so that a microcavity is formed 
at the tip. The microcavity is filled with the CNT powder for electroanalysis. A minute amount of 
CNT is loaded into the micro-sized cavity of the microelectrode. Due to it very simple 
preparation, CNT-powder microelectrode can be applied as a single-use detector. The “expended” 
CNT can be easily removed via ultrasonication and reloaded with “fresh” CNT powder. This 
technique has been employed to fabricate a DNA hybridization sensor based on gold 
nanoparticle-CNT hybrid (see section 4.3.2). 
 The electrochemical measurements were conducted in the form of cyclic 
voltammographs (CV), hydrodynamics voltammographs (HDV), electro-impedance spectroscopy 
(EIS) and alternating current voltammographs (ACV). A brief description of each technique will 
be outlined in this thesis. An in-depth discussion of the techniques is given in references17. 
A cyclic voltammograph is collection of current-vs-voltage graphs, whereby a lower 
potential is sweep linearly to a higher potential and back. The cycle can be repeated for several 
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times. The potential is defined with respect to a reference electrode used in the electrochemical 
cell. In electrochemistry, a CV plot can be viewed as an oxidation-reduction process. This can be 
compounds added to the electrolyte (e.g. glucose in equation [8.1] page 233 or Ru(bpy)32+ in 
equation [8.3] page 255) being oxidized or reduced at the WE surface. Generally, when the 
applied potential is sweep from a lower potential to a higher potential it is an oxidation process, 
and vice versa. 
A hydrodynamic voltammograph is collected by applying a fixed potential and allowing 
the current to decay to a stable state (usually within 30-90s). The HDV is collected at discrete 
potential points. However, the buffer solution is mechanically stirred at a defined rotational speed 
while collecting the HDV. Note that in CV measurements the buffer solution is not agitated.  
Electro-impedance spectroscopy is a special technique which probes the surface 
resistance of the electrodes. This technique has been widely exploited by I. Willner and co-
workers18 for the fabrication of highly sensitive DNA biosensors. This is because the 
immobilization of a foreign entity onto the surface of the electrodes will change its interfacial 
resistance. Therefore EIS technique is most useful for monitoring the attachment of DNA 
molecules onto the electrode surfaces because single-stranded DNA has negative charges. 
Therefore any changes in the electrode interfacial resistance is closely linked to the hybridization 
events of DNA. 
Alternating current voltammograph (ACV) is similar to a CV measurement, except that a 
small-amplitude sinusoidal potential with a frequency of 10 Hz-100 kHz is superimposed onto 
linear potential sweep used in a d.c. cyclic voltammetry. The most important aspect of ACV is the 
magnitude of the a.c. perturbation that is regarded to be small in comparison to the overall change 
in voltage occurring during the sweep. A typical amplitude of 5 mV or less is employed in AC 
measurements. ACV is an extremely sensitive technique and it is very suitable for detecting small 
or weak electrochemical signals. 
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8.2. A glucose biosensor based on co-electrodeposition of palladium nanoparticles 
and glucose oxidase onto Nafion-solubilized carbon nanotube electrode. 
Among all the enzyme-based biosensors, the glucose biosensor is the most widely studied 
because of its importance in the monitoring of blood glucose for the treatment and control of 
diabetes.  Most of the amperometric glucose biosensors are based on the glucose oxidase (GOx) 
enzyme, which catalyzes the oxidation of glucose to gluconolactone: 
                                 Glucose  +  O2  ⎯⎯GOx⎯→  gluconolactone   +   H2O2                        [8.1] 
The quantification of glucose can be achieved via electrochemical detection of the enzymatically-
liberated H2O2. This is the basic principle of first generation glucose biosensors. However, the 
overvoltage necessary for the oxidation or reduction of H2O2 at solid electrodes is rather high, 
which might make the quantification of glucose highly unspecific due to interference from 
reducing agents such as uric acid and ascorbic acid. For example the oxidation of H2O2 for a plain 
glassy carbon electrode (GCE) occurs at about +0.8V, which is too high. Thus in the refinement 
of these first generation glucose biosensors, the modification of the electrodes is carried out such 
that the H2O2 oxidation / reduction overvoltage is considerably lowered to about +0.3V. A good 
strategy is the application of metallized enzyme electrodes, at which noble metals such as 
palladium, platinum, gold, copper and iridium and GOx are simultaneously entrapped onto the 
electrode surface, and such metallized enzyme electrodes have been demonstrated to lower the 
H2O2 oxidation / reduction overvoltage efficiently19.  
In this section, the fabrication, characterizations and analytical performance of a glucose 
biosensor based on electrochemical co-deposition of Pd and GOx onto a carbon nanotube film 
will be discussed. Glucose oxidase has been demonstrated to covalently attach on CNT via 
carbodiimide activation20 and physical adsorption21. However, our approach modifies the surfaces 
of MWNTs with Pd-GOx biocomposites using electrochemical co-deposition and there is not a 
need for any chemical linkages. The influence of palladium and GOx composition and common 
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interferents (uric and ascorbic acids) on the sensor performance is also evaluated. In addition, Pd-
GOx biocomposite was incorporated into Nafion-solubilized MWNT matrix and successfully 
applied as a glucose biosensor. When the Nafion-MWNT bioelectrodes are coated with an extra 
Nafion membrane, it eliminates interfering signals of uric and ascorbic acids and possesses 
enhanced storage time and performance, in comparison to the biosensors made without Nafion. 
 
8.2.1. Experimental procedures 
Acid purified multi-wall carbon nanotubes (MWNTs, diameter 10-30nm) were used in 
this work. Glucose oxidase (GOx) (EC 1.1.3.4, Aspergillus niger, >100U/mg) was purchased 
from Amresco and used as received. D-(+)-glucose was purchased from Sigma and the glucose 
stock solution was allowed to mutarotate for 24 h at room temperature prior to use and 
subsequently stored at 4oC. Palladium chloride was obtained from Merck and a 5.6 mM PdCl2 
stock solution of pH 5.6 was prepared for co-deposition of Pd and GOx. The supporting 
electrolyte was 0.1M phosphate buffer at pH 7, unless otherwise stated.  
The electrochemical measurements were performed with Solartron SI 1280B Potentiostat 
/ Galvanostats. A platinum wire, Ag/AgCl (3 M NaCl) reference electrode and glassy carbon 
electrode (GCE, circular diameter 3 mm) were inserted into a modified 5-10 ml cell (BAS, Model 
MF-2040) for the measurements. All potentials are referred to the Ag/AgCl reference electrode. 
A magnetic stirrer provided the convective transport at 300 rpm during the amperometric 
measurements and the background current was allowed to decay to a steady state value before 
spiking the equilibriated β-D-glucose. 
The multi-walled carbon nanotubes were sonicated in toluene to give a concentration of 
~1 mg/ml. 4 µl of the MWNT suspension was film-cast onto the surface of the glassy carbon 
electrode (GCE) and allowed to dry slowly. Electrodeposition of palladium and GOx was carried 
out in a pH 5.6 electroplating bath22. The composition of the palladium-GOx electroplating bath 
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consists of ~0.5⎯3mM of PdCl2 and ~300⎯1500U of GOx, making a total volume of 10ml. 
MWNT-modified GCE were immersed in the plating bath and a constant potential of –0.9V was 
applied for 10min under gentle stirring condition. The electrodes were rinsed with pH 7 buffer 
and stored in the buffer at 4oC prior to use. 
 
8.2.2. Solubilization of MWNT via wrapping of Nafion polymer 
1mg/ml of MWNTs were solubilized in 0.5% Nafion solution (99.5% ethanol) via mild 
sonication and subsequently film-cast onto the surface of the GCE. Films formed from the 
Nafion-solubilized MWNTs are more uniform and stable than those cast from organic solvents. 
Nafion assists the dispersion of MWNTs, whereby the MWNTs do not sediment for more than a 
week (see inset of Figure 8.2). On the other hands, MWNTs sonicated in organic solvents, 
without Nafion, tend to aggregate after the sonication has stopped. Furthermore these Nafion-
solubilized MWNT film adhered to the GCE much better than MWNT film that was cast from 
toluene. The amount of MWNT film cast onto the GCE is more controllable and reproducible 
since it is cast from a homogeneous Nafion-MWNT solution. This is crucial for amperometric 
measurement under stirring conditions because the Nafion-MWNT biosensing area remains intact 
and whole.  The electrodeposition of Pd-GOx onto Nafion-MWNT film was carried out in a 
similar fashion. After the co-deposition of Pd-GOx, these Nafion-MWNT bioelectrodes were 
coated with an extra 2.5µl layer of 0.5% Nafion. 
 
8.2.3. Electron micrographs of MWNT- nanoparticle hybrids 
The TEM images were obtained on a transmission electron microscope (TEM, JEOL 
JEM-2010F). The electrodeposited Pd-GOx MWNT and Pd-GOx Nafion-solubilized MWNT 
films were sonicated in distilled water, just enough to peel the films off from the GCE. A vortex 
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mixer is used to agitate and disperse the films in distilled water before the films were cast onto 















Figure 8.2 TEM images of electrodeposited (i) Pd-GOx on MWNT, (ii) Pd nanoparticles on 
MWNT without GOx and (iii) Pd-GOx on Nafion-solubilized MWNT. (iv) SEM images of 
Nafion-solubilized MWNT cast onto a Si substrate. 
 
 
From the TEM images (Figure 8.2), roughly spherical Pd nanoparticles (~2-6nm) are 
randomly decorated on the walls of the various MWNTs. It is interesting to note that Pd 
nanoparticles are formed instead of a conformal Pd coating. The acidic purification of the CNTs 
introduced relatively large amount of carboxylic acids moieties (-COOH) at defect sites located at 
the sidewalls of the nanotubes. Palladium ions might be anchored to these –COOH sites and 
formed Pd nanoparticles when a –0.9V potential was applied.   The entrapment and adsorption of 
GOx (diameter 4-5nm) onto the Pd nanoparticles cannot be inferred directly from the TEM 
images. However from the results of the FTIR and HDV measurements (vide infra), it is clear that 
GOx is present along with the deposited Pd nanoparticles. It is possible that the TEM preparation 
which involves sonication and agitation has dislodged the GOx enzymes from the Pd 
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nanoparticles. The formation of Pd nanoparticles on Nafion-MWNT film indicates that the 
MWNT sidewalls are not entirely masked by the Nafion and there are accessible areas for the co-
deposition of Pd-GOx biocomposites. Otherwise the Nafion has no pore big enough for the 
deposition of the GOx. It has been suggested that the solubilization action of Nafion is very 
similar to other polymeric materials bearing polar side chains, which ‘wrap’ around the MWNTs, 
and the electrocatalytic properties of MWNTs are not impaired by Nafion under optimal 
conditions23. Therefore dispersing MWNTs in 0.5% Nafion ensures that the amount of MWNTs 
are controllably cast onto GCE and the MWNTs still retain its electrocatalytic carbon surface. 
Figure 8.2(iv) shows the SEM image of Nafion-solubilized MWNT cast onto a Si substrate. It is 
assumed that the Nafion-MWNT film deposited on GCE is similar to Figure 8.2(iv). It can be 
seen that the film is very thin and composed only a few layer of MWNTs. 
 
8.2.4. XRD patterns and FTIR spectroscopy 
Due to the fact that Pd nanoparticles were deposited onto a very small area of MWNT 
electrode (~7mm2), it was very difficult to collect its powder XRD pattern. Hence to collect the 
XRD pattern of the Pd-MWNT hybrid, MWNT powder was pressed into a thin MWNT sheet. A 
thin copper wire was attached to the pressed MWNT sheet (using epoxy) and soaked in the PdCl2 
solution for an hour. The electrodeposition of Pd nanoparticles (without GOx) was carried out in 
a similar fashion. The resulting Pd nanoparticle-MWNT sheet was rinsed with distilled water and 
air-dried before detaching the copper wire. 
The attachment of GOx enzymes to the Pd nanoparticles is confirmed by the presence of 
the amide infrared (IR) mode, which a signature of protein. After the electrodeposition of GOx-
Pd nanoparticles onto the MWNT film (In this case, we do not use Nafion), the electrode is rinsed 
thoroughly with distilled water and air-dried. The GOx-Pd-MWNT is scrapped off from the 
electrode and mixed with KBr for FTIR transmittance measurements. 
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Figure 8.3. (a) XRD patterns and (b) FTIR spectra of (i) electrodeposited Pd nanoparticle-
MWNT hybrid (with GOx for IR spectrum) and (ii) pristine MWNT. (Asterisk* denotes 
interfering IR signal of CO2) 
 
 
The XRD pattern of the electrodeposited Pd-MWNT composite is shown in Figure 8.3a. 
The major diffraction peaks of Pd nanoparticles can be indexed as the Pd face-centered cubic 
(fcc) phase based on the JCPDS data. The diffraction peaks of Pd nanoparticles at 39.9o, 46.4o 
and 67.9o can be assigned to (111), (110) and (110) crystalline planes respectively. The average 
size of the Pd nanoparticles is calculated by the Scherrer formula: 
                                                                    Dave = Kλ / β1/2⋅cosθ                                                [8.2] 
where K is a constant (often taken as unity), θ is the scattering angle, β1/2 is the full width at half 
maximum (FWHM) of the XRD peak, λ is wavelength of Cu Kα1 (0.15418nm) x-ray source. 
Using the FWHM of the narrow Debye-Sherrer line at 2θ=39.948o, which corresponds to Bragg 
diffraction from Pd(111) planes for the calculation. The value of Dave is estimated to be 5nm, 
which is consistent with TEM observations. 
FTIR is a useful tool to illustrate the co-electrodeposition of GOx-Pd onto the MWNTs. 
The FTIR results were displayed in Figure 8.3b. It is well known that the IR spectroscopy of 
proteins exhibits strong amide bands24, particularly the so-called amide I band which is the most 
National university of Singapore 238
Chapter 8. Carbon nanotube-nanoparticle hybrids 
intense and useful. The amide I band represent primarily the C=O stretching vibration of the 
amine groups, coupled to in-plane bending of the N-H and stretching of the C-N bonds. For GOx-
Pd-MWNT sample, the observed IR signals were located at ~565cm-1 (out-of-plane CO bending), 
668cm-1 (out-of-plane NH bending), 1634cm-1 (CO stretching) and 3240cm-1 (NH stretching with 
amide II overtone) were attributed to the characteristic IR bands of the peptide linkage of a 
protein. The IR transmittance of pristine MWNT is almost featureless, except a broad ~3444cm-1 















Figure 8.4. XPS spectra of Pd-MWNT composite (a) survey scan, (b) C1s, (c) O1s, and (d) Pd3d. 
 
8.2.5. XPS analysis 
For XPS analysis, the MWNT powder was sonicated extensively in acetone until it 
became paste-like. The MWNT paste was cast onto the conducting XPS stud to form a film 
which adheres firmly to the stud. The electrodeposition of Pd nanoparticles (without GOx) was 
conducted directly using this MWNT-on-stud. 
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Figure 8.4 shows the XPS spectra of the electrodeposited Pd-MWNTs composite, without 
GOx enzyme. The binding energies for the Pd 3d5/2 and 3d3/2 peaks were located at 335.2 and 
340.5eV respectively. The FWHM of the Pd 3d-doublet is ~1.1eV. The Pd 3d-doublet 
corresponds well to those of metallic Pd(0) from the standard spectra of elemental Pd. Thus the 
results of XRD and XPS confirmed the complete reduction of Pd2+ anions and the formation of 
Pd(0) nanoparticles on MWNTs. 
 
 
8.2.6. Glucose quantification of GOx-Pd-MWNT-Nafion composite 
The optimization of the fabricated biosensor sensitivity towards the enzymatically 
liberated H2O2 is studied primarily on MWNT-modified GCE and then the optimal conditions are 
applied to the Nafion-solubilized MWNT electrode. The amperometric response of the 
bioelectrodes towards 5mM glucose is monitored at an applied potential of +0.3V. A potential of 
+0.3V is judiciously chosen based on CV and HDV results (vide infra, Fig 8.5b & Fig 8.6). The 
influence of the composition of Pd and GOx on the analytical performance of the biosensor is 
presented as Figure 8.5a. It is noted that for a fixed amount of GOx (~1000U/mg), a 
concentration of ~1 to 1.5mM PdCl2 gave a better detection towards hydrogen peroxide. But 
higher concentration of PdCl2 (>1.5mM) resulted in the decrease of the biosensor performance. It 
is probable that at higher palladium salt concentration, the palladium ions started to compete with 
the GOx at the electrode surface or displaced GOx already adsorbed25.  On the other hand, for a 
fixed concentration of 1mM of PdCl2, the performance of the biosensor shows a better 
performance of glucose sensing as the amount of GOx is increased in the electroplating bath. Still 
it is not feasible to use large amount of GOx in the fabrication of the biosensor, as this will 
increase its cost. Accordingly we have chosen electrodeposition conditions of ~1mM of PdCl2 
and ~1000U/mg of GOx as our optimal conditions. A slightly lower concentration of ~1mM 
PdCl2 is used because at higher concentration of PdCl2 the fabricated biosensor tends to have 
shorter storage stability period. In the case of Nafion-solubilized CNT electrode, the deposited 
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Pd-GOx biocomposite is observed to be a more durable and has better selectivity. Therefore we 












Figure 8.5. (a) Influence of the composition of PdCl2 and GOx on the biosensor performance 
towards 5mM glucose at an applied +0.3V. For a fixed 1000U/mg of GOx, the results are shown 
as (■). For a fixed 1mM PdCl2, the results are shown as (○). (b) Cyclic voltammographs of Pd-
GOx-Nafion MWNT before (dotted line) and after (solid line) adding 0.25mM of H2O2 at a 
sweep rate of 25mVs-1. 
 
 
The cyclic voltammetric (CV) response of Pd-GOx-Nafion MWNT electrode towards the 
enzymatically liberated H2O2 is simulated by adding 0.25mM H2O2 at pH 7 buffer and it is 
illustrated as Figure 8.5b. It is well established that the oxidation of H2O2 at a plain glassy carbon 
electrode starts close to +0.8V22,25. But in the case of Pd-GOx-Nafion CNT electrode, an 
appreciable oxidation current begin at +0.3V. This catalytic effect is attributed to the presence of 
Pd nanoparticles, which has substantially lowered the overvoltage oxidation of H2O2 by about 
+0.5V. This result is consistent with literature for other palladium-based electrodes and Pd-
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electrodeposited electrodes22,25. In addition, we do not exclude the possibility that the Nafion-











Figure 8.6.  Hydrodynamics voltammographs of Pd-MWNT (Δ) and Pd-GOx-Nafion MWNT 
(●) electrodes in 15mM glucose. 
 
 
The hydrodynamic voltammograms (HDV) for 15mM glucose at Pd-GOx-Nafion 
MWNT electrode is displayed as Figure 8.6. For the fabricated Pd-GOx-Nafion MWNT 
electrode, the oxidation of the enzymatically formed H2O2 starts at potentials more positive than 
+0.2V and reaches a plateau around +0.4V to +0.8V, while the reduction starts at potentials more 
negative than 0V and reaches a maximum at about –0.3V. This indicates that the fabricated 
biosensor has a flexible operating potential range for the monitoring of the oxidation / reduction 
of H2O2. And by choosing the appropriate operating potential window, commonly encountered 
electroactive interferents can be selectively avoided.  In the absence of GOx, the electrodeposited 
Pd-Nafion MWNT electrode is almost amperometrically insensitive to the presence of glucose, 
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save at higher potential (> +0.7V) at which direct oxidation of glucose might take place. Hence 















Figure 8.7. Calibration curve of the optimized Pd-GOx-Nafion MWNT bioelectrode. Inset: A 
comparative chronoamperometric response of Pd-GOx-Nafion MWNT and Pd-GOx GCE 
bioelectrodes upon successive addition of 5mM glucose at +0.3V.  
 
 
The inset of Figure 8.7 shows the typical chronoamperometric responses of Pd-GOx GCE 
and Pd-GOx-Nafion MWNT electrodes for the successive addition of 5mM glucose at an applied 
potential of +0.3V. The Pd-GOx GCE is fabricated under identical conditions as the Pd-GOx-
Nafion MWNT electrode. It can be seen that the absence of a CNT film greatly affects the 
conditions for the co-deposition of Pd-GOx and the glucose sensing capability. The Pd-GOx GCE 
gave a poor amperometric response of glucose. It did not exhibit sharp step-like responses and the 
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current signals were much smaller than those of MWNT-based bioelectrodes. Clearly, the 
presence of a MWNT film has resulted in a better performing glucose sensor. The co-deposition 
of Pd-GOx onto a plain GCE at pH 5.6 is considered futile and has been pointed out25. However 
when the co-deposition of Pd-GOx onto a Nafion-MWNT film is carried out under identical 
experimental conditions, the resulting Pd-GOx-Nafion MWNT electrode responds rapidly (t95% ≈ 
3s) to changes in the glucose level. The steady state calibration curve  (Figure 8.7) exhibits a 
linearity up to ~12mM and the detection limit being 0.15mM (S/N=3).  
The influence of common interfering electroactive substances such as uric acid (UA) and 
ascorbic (AA) is assessed and presented in Figure 8.8a. For Pd-GOx MWNT electrode, the 
interfering signals of 0.5mM UA and AA are significant and undermine glucose quantification at 
+0.3V. On the other hands, the interfering effects of adding 0.5mM UA and AA are eliminated 
for the Pd-GOx-Nafion MWNT electrode coated with an extra layer of 0.5% Nafion. If the Pd-
GOx-Nafion MWNT electrode is not coated with an extra 0.5% Nafion membrane, the electrodes 
shows a slight response to the addition of 0.5mM UA / AA but the interfering signals are much 
weaker than Pd-GOx MWNT electrode.   It is well known that Nafion is a negatively charged 
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Figure 8.8. (a) Effects of interfering signals of 0.5mM uric acid (UA) and ascorbic acid (AA) on 
the performance of Pd-GOx-MWNT and Pd-GOx-Nafion MWNT bioelectrodes at +0.3V in 0.1M 
phosphate buffer pH 7; stirring rate: 300rpm. (b) Long term storage stability of the (i) Pd(1mM)-
GOx MWNT, (ii) Pd(1.5mM)-GOx-Nafion MWNT and (iii) Pd(1mM)-GOx-Nafion MWNT 
bioelectrodes toward the sensing of 5mM glucose during a storage period of 50 days. Dotted lines 
are drawn for visual aid only. 
 
 
The operational stability of the optimised Pd(1mM)-GOx-Nafion MWNT electrode was 
measured at +0.3V in 0.1M phosphate pH 7 buffer containing 5mM glucose. The relative 
deviation for ten times continuous determinations of 5mM glucose is less than ~3%, which 
indicates that the optimised Pd(1mM)-GOx-Nafion MWNT electrode has a good operational 
stability. The long-term storage stability of 3 different bio-electrodes was studied by measuring 
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the response to 5mM glucose and the results were presented in Figure 8.8b. The optimised 
Pd(1mM)-GOx-Nafion MWNT electrode lost at most ~5% of the initial response after a storage 
period of 14 days. But after 50 days of storage, the Pd(1mM)-GOx-Nafion MWNT electrode 
gradually began to lose it initial response and drop to ~40%. When a higher concentration of 
PdCl2 (1.5mM) is used for the co-deposition of GOx onto Nafion-MWNT film, the as-fabricated 
Pd(1.5mM)-GOx-Nafion MWNT electrodes lost more than 5% of its initial response after a 
storage period of about 6 days. In the case of co-deposited Pd(1mM)-GOx onto plain MWNT 
film (without Nafion), the electrodes lost ~20% of its initial response just after 1 day of storage. It 
completely lost its biosensing capability after 6 days storage. The loss of activity response of the 
electrodes due to fouling is unlikely because there is no significant shift in the overpotentials of 
the HDV for the 3 bio-electrodes. The HDV plateau of Pd-GOx-Nafion-MWNT electrodes 
remain fairly constant but the HDV plateau of Pd-GOx-MWNT electrode is reduced, which 
indicates that small fragments of the MWNT film are broken off.  The slow loss and denaturation 
of GOx enzymes due to temperature changes undergone from storage to room temperature may 
also contribute to the loss of sensitivity of the bioelectrodes26. 
 
8.2.7. Conclusions 
A more controllable, stable and reproducible depositing of CNT film onto GCE can be 
achieved using homogeneous solution of (0.5%)Nafion-MWNT. The sidewalls of the MWNTs 
are not completely masked by the 0.5% Nafion and there are accessible sites for the incorporation 
of Pd-GOx biocomposites. The optimized Pd-GOx-Nafion MWNT bioelectrodes has a good 
glucose biosensing capability. An extra 0.5% Nafion coating is needed to completely suppress the 
interfering signals from UA and AA during the electrocatalytic oxidation of glucose at +0.3 V. It 
may be anticipated that other biomaterials and / or mediators can be incorporated in the Nafion-
MWNT matrix for the fabrication of other useful biosensors. 
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8.3. Electrochemical genosensor based on gold nanoparticle-carbon nanotube 
hybrid 
The development of a DNA hybridization biosensor or genosensor involves the assembly 
of single stranded nucleic acid probes over a suitable solid support and transducing the 
hybridization events when the probes selectively capture its complementary target nucleic acids. 
Therefore the solid support should offer good surface chemistry for the systematic attachment of 
DNA or an affinity for DNA adsorption, and be compatible with the detection techniques.  
An important issue in the fabrication of an electrochemical genosensor is the 
configurational freedom of the immobilized nucleic acid probes27. When hybridization events 
happen, the probe and target oligonucleotides must be free to hybridize with each other. Thus for 
a good genosensor, care must be taken to minimize the restriction of the immobilized probes 
configurational freedom in order to realize efficient hybridization.  
DNA has been successfully attached to a great variety of surfaces and materials which are 
suitable for electrochemistry. They include mercury drops, carbon and gold materials, indium tin 
oxides (ITO) glass and conducting polymers27-29. Additionally, gold nanoparticles modified 
electrodes have been successfully used to immobilize thiolated nucleic acid30,31 via the well-
known gold-sulfur linkage.  
Hence a hybrid of gold nanoparticles and CNTs will be a compatible heterostructure with 
many biological systems. Jiang et. al.32 have attached gold nanoparticles to N-doped CNTs which 
have been functionalized with carboxylic acid groups via H2SO4-HNO3 treatment. Hydrophobic 
interactions between octanethiol-capped gold nanoclusters and acetone-activated CNTs are also 
employed for the attachment of gold nanoparticles33. CNT modified with cationic 
polyethyleneamine, anionic citric acid and heating in NH3 atmosphere has been shown to 
facilitate gold nanoparticles attachment34. Liu L. et al.35, on the other hand, utilize thiol-
terminated pyrene which anchored on CNT via π-π stacking interaction and the thiol terminals act 
National university of Singapore 247
Chapter 8. Carbon nanotube-nanoparticle hybrids 
as interlinkers for the self-assembly of gold nanoparticles to CNT surfaces. However there is a 
lack of report on the application and performance of these Au-CNT hybrids.  
Therefore it is the aim of this work to demonstrate the electrochemical genosensing 
properties of Au-MWNT hybrid. Single stranded thiolated oligonucleotide probes are 
immobilized onto the Au-MWNT hybrid through gold-sulfur linkage. The Au-MWNT hybrid is 
further modified with 6-mercapto-1-hexanol (MCH, SH-(CH2)6-OH) to enhance the efficiency of 
hybridization events by providing the oligonucleotide probes better configurational freedom27.  
 
8.3.1.Experimental procedures 
The immobilization and hybridization events of the oligonucleotides are monitored using 
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and a.c. voltammetry 
(ACV) techniques. Particularly, the hybridization events are detected with tris(2,2’-bipyridyl) 
ruthenium(II) mediated guanine oxidation36,37. Differentiation of complementary and mismatched 
hybridization events can be realized using Ru(bpy)32+ as mediator for the oxidation of extra 
guanine residues attached to the oligonucleotides with mismatched bases. 
The single-stranded oligonucleotides come with and without mercaptohexyl group at the 
5’-phosphate end and the sequences are as follow: 
(1) SH–(CH2)6–5’ –TTTACTTTAATCAACTAT – 3’                                             (Probe) 
(2) 5’ –ATAGTTGCTTACAGTAAA – 3’                                                (complementary) 
(3) 5’ –GGATAGTTGCAAACAGTAAA – 3’                                                (2-mismatch) 
(4) 5’ –GGGGATAGTTGCA TACAGTAAA – 3’                                         (1-mismatch) 
Oligonucleotides (2’), (3’), and (4’) with mercaptohexyl group at the 5’-phosphate end were used 
for CV measurements (see Figure 8.14). 
The attachment of gold nanoparticles to MWNTs was carried out using citric acid (CA). 
The MWNT and citric acid (2:1 mass ratio) was sonicated extensively in distilled water. The 
excess water was evaporated until a MWNT paste was obtained. This MWNT paste was placed in 
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a pre-heated furnace at 300oC for 2 h. This process creates plenty of C-O, C=O and COOH 
moieties on the MWNT surfaces, and enhances the MWNT dispersion in water (vide infra, XPS 
spectrum). Typically, 10mg of the modified MWNT was dispersed and stirred in 50ml of 0.2g 
auric chloride solution at 70oC for 1 h. 50ml of 0.1g citric acid was added dropwise and continued 
stirring for another 4 h. The resulting products were filtered, washed with distilled water and 
dried.  
Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and a.c. 
voltammetry (ACV) techniques were performed with a Solartron SI 1280B Potentiostat / 
Galvanostats. A 3-electrode system was used: A homemade MWNT powder µ-electrode as the 
working electrode. It was made of a ~100µm diameter platinum wire sealed in a glass tube. A 
cavity of ~25µm was controllably etched by applying an alternating voltage of 20−30V in 
concentrated CaCl2 solution, with a graphite rod as the opposite electrode. The Ag/AgCl (3M) 
electrode was used as the reference electrode and a platinum coil as the counter electrode. EIS 
measurements were conducted in the presence of 10mM K3[Fe(CN)6]/K4Fe(CN)6] (1:1) mixture 
as a redox probe. A bias potential of 0.17V in the frequency range of 10mHz to 20kHz and an 
alternating voltage 10mV were used for the EIS measurements. All CV measurements were taken 
with a single scan at 25mVs-1 for the oxidation of guanine via Ru(bpy)32+ mediator within a 
potential range of 0V to 1.2V. Likewise the ACVs were recorded for a single scan at 5Hz and 
10mV amplitude. 
For electrochemical measurements, the Au-MWNT powder was packed into the µ-
electrode and polished with a weighing paper. The Au-MWNT µ-electrode was immersed in 
1.5µM solution of probe (1) in a 0.5M PBS buffer for 2 h at 25oC and then rinsed with purified 
water. The Au-MWNT µ-electrode modified with immobilized probe (1) was treated in 1mM 6-
mercapto-1-hexanol (MCH) for 2 h to mask the unmodified gold nanoparticles. In addition, the 
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negative dipole of the –OH terminus helps to project the negatively charged DNA backbone into 
the solution, rendering it greater configurational freedom38. 
The modified Au-MWNT-probe(1) µ-electrode was immersed in a hybridization buffer 
(Tris buffer 1M NaCl pH 8.5) containing the 1.5µM complementary oligonucleotides (2) for 













Figure 8.9. Schematic illustration of self-assembly of thiolated oligonucleotides onto Au-MWNT 
hybrid. The use of MCH assists the erection of ssDNA and facilitates hybridization of 




Figure 8.9 is the schematic illustration of the self-assembly of thiolated oligonucleotide 
probes (1) onto Au-CNT hybrid. Post-treatment by a spacer thiol, mercaptohexanol (MCH), not 
only helps to displace non-specifically adsorbed HS-ssDNA molecules but also erects the DNA 
molecules, making it more accessible for specific hybridization27,28,38. In a neutron reflectivity 
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studies by Levicky et al.39, thiolated ss-DNA was self-assembled onto a gold surface and it was 
shown that the ss-DNA was lying flat on the gold surface with multiple adsorption points. In this 
case, the hybridization efficiency was <10% as the probe DNA had limited configurational 
freedom. When gold surface was modified with MCH, the hybridization efficiency was enhanced 
to almost 100%. Likewise we believe that the modification of the gold nanoparticles with MCH 
has similar effects, though we did not rigorously prove it. 
 
8.3.2. Electron micrographs of gold nanoparticle-MWNT hybrid 
The Au-MWNT powder was dispersed in water and transferred to a formvar coated Cu 
grid for TEM observation. The TEM image shows that gold nanoparticles are successfully bound 
to the MWNTs (Figure 8.10). The diameter distribution of the gold nanoparticle is ~5-9nm. Large 
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8.3.3. XRD patterns & UV-vis spectroscopy  
The UV-vis absorption spectrum of Au nanoparticle-MWNT composite was measured 
using Cary 50 Bio UV-vis Spectrophotometer. As shown in Figure 8.11b, the UV-vis absorption 
spectrum of Au-CNT hybrid shows the presence of the surface plasmon band of gold 
nanoparticles at ~520nm. 
The XRD pattern of the Au nanoparticle-MWNT hybrid is shown in Figure 8.11a. The 
major diffraction peaks of Au nanoparticles can be indexed as the Au face-centered cubic (fcc) 
phase based on the JCPDS data. The diffraction peaks of Au nanoparticles at 39.9o, 46.4o and 
67.9o can be assigned to (111), (200), (220) and (311) crystalline planes respectively. The average 












Figure 8.11. (a) XRD patterns of (i) Au nanoparticle-MWNT and (ii) pristine MWNT. (b) UV-
vis absorption spectrum of MWNT bound with gold nanoparticles. 
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8.3.4. XPS analysis 
Figure 8.12a shows the XPS core-level C1s of citric acid functionalized MWNT. The C1s 
spectrum of CA functionalized MWNT was deconvolved into 284.5eV (C-C), 285.8eV (C-O), 
288.2eV (C=O) and 290eV (COOH) peaks. The creation of surface oxygen functionalities is 
important for the attachment of gold nanoparticles onto the exterior wall of the MWNTs. The Au 
nanoparticle-MWNT hybrid exhibits binding energies for the Au 4f7/2 and 4f5/2 peaks were located 
at 84.0 and 87.7eV respectively. Thus the results of XRD and XPS confirmed the formation of 












Figure 8.12. (a) XPS core-level C1s of citric acid functionalzied
of gold nanoparticle-MWNT hybrid. 
 
 
8.3.5. Electrochemical impedance spectroscopy (EIS) 
The immobilization and hybridization of the oligo
monitored using EIS techniques18. The assembly of nega
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electrodes in the presence of a highly negative charged solubilized redox probe, [Fe(CN)6]3-/4- 
mixture, are expected to increase the Ret due to mutual repulsion of the oligonucleotide and the 













Figure 8.13. Nyquist diagram (Zim vs Zre) for EIS measurements of Au-MWNT µ-electrode in the 
presence of 10mM [Fe(CN)6]3-/4-(1:1-mixture): (a) modified with MCH and without any attached 
oligonucleotides, (b) modified with oligonucleotide probes (1) and (c, d, e) duplexed with 
complementary oligonucleotides (2), 1.5µM, for 30, 90, 120mins respectively. The frequency 
range from 10mHz to 20kHz at an applied constant bias potential of +0.17V, with amplitude of 
alternating voltage at 10mV in 10mM PBS buffer, pH 7.0. 
 
 
From Figure 8.13, it is clear that the attachment of oligonucleotides changes the Ret of the 
Au-MWNT µ-electrode significantly. The Ret of MCH-Au-MWNT µ-electrode, modified solely 
with MCH for 2 h, is ~125Ω. But when the electrode is modified with the oligonucleotide probe 
(1) solution and MCH, the Ret is increased to ~385Ω. The increment of Ret indicates that 
negatively charged single-stranded oligonucleotide probes (1) are self-assembled on the Au-
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MWNT µ-electrode. The hybridization events can be monitored progressively using EIS 
technique when the Au-MWNT-probe (1) µ-electrode is exposed to the complementary strands 
(2) for different time intervals. It can be seen that the Ret increased for longer hybridization time 
and the Ret approached a maximum value of ~750Ω. No further increment in the Ret when the 
hybridization time is extended beyond 2hr. Therefore a hybridization period of ~2hr is chosen for 
the duplexing of the complementary oligonucleotides. Although EIS measurements easily 
monitor hybridization events, it cannot differentiate target oligonucleotides with mismatches18,39. 
Our approach to distinguish base-pair mismatch is based on the catalytic oxidation of guanine 
using Ru(bpy)32+ as the mediator36,37, relying on voltammetric techniques. 
 
8.3.6. Cyclic voltammetry – guanine oxidation 
It has been reported that electrochemical detection of DNA can be achieved using 
guanine (G) oxidation chemistry120,121. In this approach, a redox-active mediator such as 
Ru(bpy)32+ is used to mediate the oxidation of guanine, which can be described by a 2-step 
mechanism : 
 
Ru(bpy)32+   ⎯→   Ru(bpy)33+   +   e-                                        [8.3] 
Ru(bpy)33+   +   G   ⎯→   Ru(bpy)32+   + G+                             [8.4] 
The Au-MWNT µ-electrode oxidized the mediator to a Ru(bpy)33+ state, which is capable of 
removing an electron from guanine in DNA and converts it to an oxidized guanine. At the same 
time, Ru(bpy)32+ is re-generated and completed a catalytic cycle. The catalytic cycles repeat over 
a large number of times and deliver large electrical signals to the electrode. The main reason for 
the rapid electron transfer between Ru(bpy)32+ and guanine is that the oxidation of guanine is 
almost identical to that of Ru(bpy)32+.36,37
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In order to differentiate complementary and mismatched oligonucleotides, the CV 
responses of thiolated target oligonucleotides (2’), (3’), (4’) self-assembled onto Au-CNT µ-
electrode in the presence of Ru(bpy)32+ mediator were studied (see Figure 8.14). Oligonucleotide 
probe (1) is not attached to the Au-CNT hybrid for these CV measurements since it does not 
contain guanine bases. For MCH-modified Au-MWNT µ-electrode, whereby no oligonucleotide 
is attached, the redox potential of Ru(bpy)32+ is detected at 1.05V which is consistent with 
literature36,37. Importantly, this suggests that MCH-Au-MWNT is a compatible interface for the 









Figure 8.14. Cyclic voltammograms of Ru(bpy)32+ (30µM)  in 50mM phosphate buffer at pH 7 
with 700mM NaCl at 25mVs-1: When Au-MWNT µ-electrode is modified with (a) MCH only, 
(b) complementary ss-oligonucleotide (2’), (c) 2 mismatched ss-oligonucleotide (3’) and (d) 
single mismatched ss-oligonucleotide (4’).  
 
 
This is because even though the gold nanoparticles are modified with MCH but the CNT 
support permits access of Ru(bpy)32+ and detection. Non-specific binding of oligonucleotides is 
tested with the non-thiolated target oligonucleotides (2,3,4). The Au-MWNT µ-electrode is 
similarly exposed to the non-thiolated target oligonucleotides and followed by MCH treatment 
and did not observe any sharp increase for the oxidation current of Ru(bpy)32+. Therefore we can 
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omit non-specific binding of DNA because the assembly of thiolated DNA should proceed via 
gold-thiol linkage and the strong affinity of the thiol group on MCH for gold resulted in the 
displacement of non-specifically adsorbed DNA27,28,38. From Figure 8.14 it can be seen that the 
CV responses of the 3 target oligonucleotides are distinguishable, which is attributed to the 
different number of guanine residues they possess.  Both mismatched target oligonucleotides (3’, 
4’) are given extra guanine bases so as to make them more electrochemically discernible. Thus it 
is possible to distinguish complementary, 2-mismatch and single-mismatch hybridization events. 
For this purpose, we use AC voltammetry techniques to improve the sensitivity. The probe (1) is 
attached to the Au-MWNT hybrid and followed by the hybridization of non-thiolated targets 
(2,3,4). 
 
8.3.7. a.c. voltammetry (ACV) – guanine oxidation 
Figure 8.15 shows the results of the ACV measurements in the presence of Ru(bpy)32+. 
When the Au-MWNT-probe(1) µ-electrode is hybridized with the target oligonucleotides, a 
significant current increase is noted. This is anticipated from the CV measurements. Likewise the 
electron transfer from the guanines of the target oligonucleotides to the Ru(bpy)32+ is responsible 
for the increase in the oxidation current. Furthermore, the ACV signals for each target strand (2), 
(3) and (4) are also distinguishable. The direct oxidation of guanine of the target oligonucleotides 
(2,3,4) using Au-MWNT µ-electrode, without mediator Ru(bpy)32+, is very weak  and did not 
show a clear distinction of electrochemical signals among the 3 target oligonucleotides. Thus it is 
not use for the detection of hybridization events. Nevertheless, the use of Ru(bpy)32+ as mediator 
and deliberate attachment of extra guanine residues to the mismatched oligonucleotides has 
enabled us to tell apart complementary and mismatched hybridization events. 
We have repeated the ACV measurements 10 times for each oligonucleotide (1,2,3,4) 
whereby the µ-electrode is always loaded with fresh Au-CNT powder. This is to make sure that 
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the ACV results are not due to experimental artifacts. The inset of Fig 8.15 shows the results of 
the repeated ACV measurements. For modified Au-MWNT-probe(1), the ACV signal yields an 
oxidation peak value of 0.335µA with a relative deviation of 11%.  When it is hybridized with the 
target oligonucleotides, the ACV signals are increased to 1.75µA ± 10%, 4.13µA ± 13% and 
7.22µA ± 15% for target oligonucleotides (2), (3) and (4) respectively. Although the relative 
deviation for the ACV signals is about 10-15%, it does not undermine the genosensing capability 
of the Au-CNT hybrid. This is because the ACV signals for the 3 different hybridization events 











Figure 8.15. AC voltammetry measurements for Au-MWNT µ-electrode (a) functionalized with 
probe oligonucleotides (1), (b) hybridized with complementary oligonucleotides (2), (c) with 2-
mismatched target oligonucleotides (3) and (d) with 1-mismatched target oligonucleotides (4). 
ACVs are conducted with a sinusoidal wave of 5Hz and 10mV amplitude. Inset: Repeated ACV 
measurements for each oligonucleotide whereby the µ-electrode is always loaded with fresh Au-
MWNT powder. 
 
Gold nanoparticle-carbon nanotube hybrid is a compatible heterostructure for the self-
assembly of thiolated DNA and can be extended to other biomolecules such as RNA and 
enzymes. The gold nanoparticles act as the anchoring sites for the thiolated biomolecules such 
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that high chemical specificity in the immobilization of oligonucleotides can be achieved via 
stable gold-thiol linkages and the presence of MCH enhanced hybridization events and displaced 
non-specifically adsorbed DNA. Carbon nanotubes play a complementary role as a support which 
serves as a fast electron-transfer center and detected the catalytic oxidation current of Ru(bpy)32+ 




A simple electrodeposition method has employed to attach Pd nanoparticles and glucose 
oxidase onto MWNT. This technique has been extended to Nafion-solubilzed MWNT. The Pd-
GOx-Nafion MWNT electrode shows excellent glucose sensing at relatively low voltage (+3V) 
due to the presence of Pd nanoparticles. An additional 0.5% Nafion membrane eliminates 
interfering effects of uric acid and ascorbic acid and improves the long term storage stability of 
the bio-electrode.  
Carboxylic acid (-COOH) functionalized carbon nanotubes can be easily prepared using 
critic acid. XPS spectra show that –COOH moiety is created when CNT/critic acid paste is baked 
at 300oC. The gold nanoparticle-carbon nanotube hybrid was tested as a genosensor. Thiolated 
oligonucleotides can be anchored onto the gold nanoparticles via sulfur-gold linkage. The as-
fabricated genosensor is able to differentiate complementary and mismatched oligonucleotides 
using highly sensitive electrochemical techniques such as ACV and EIS measurements. 
Though not shown in this thesis, the citric acid treatment used in preparing nano-Au/CNT 
hybrid has been used in preparing the nano-Pt/CNT hybrid with Pt particle size of ~2-3nm.  This 
well-dispersed Pt/CNT hybrid has been used as the electrodes (both anode and cathode) for H2-O2 
polymer electrolyte membrane (PEM) fuel cells and shown a 25% higher energy output density as 
compared to conventional Pt/carbon black electrodes under identical operation conditions.  
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Hydroxly (-OH) functionalized single-walled carbon nanotubes were studied in section (9.1). 
Various spectroscopic techniques were employed to characterize these –OH functionalized 
SWNTs. In section (9.2), a gravitational-dependent, thermally-induced self-diffraction 
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9.1. Hydroxyl (–OH) functionalized single-walled carbon nanotubes 
Introduction 
The functionalization of single walled carbon nanotube (SWNT) not only gives insight 
into the fundamental chemistry of carbon nanotubes (CNT) but also allows one to chemically 
engineer its physical and chemical properties1. The sidewalls of carbon nanotubes have been 
demonstrated to undergo extensive covalent and non-covalent chemistry such as carbene 
chemistry, nitrene addition, hydrogenation via Birch reduction, fluorination, alkylation and 1,3-
dipolar cyoloaddition2,3. Besides wet chemistry, solid-phase mechanochemistry has also been 
applied for large scale functionalization and shortening of SWNTs4-7. Under optimal conditions, 
reactive gases (ammonia, chlorine, etc) and / or solid chemicals (KOH and cyclodextrins) are ball 
milled with carbon nanotube to achieve sidewall functionalization and solubilization4-6. This 
carbon nanotube chemistry has been monitored using spectroscopic techniques, which revealed 
that the electronic band structure of SWNTs could be selectively modified1-3. 
Oxidizing acid etching, thermal oxidation, O2 plasma treatment, ball milling with 
potassium hydroxide and ozonolysis have been used to functionalize SWNTs with oxygenated 
groups4,8,9, which may play a key role in the subsequent SWNT dissolution, purification and 
assembly2. Furthermore, the oxygenation of SWNTs was found to convert small-gapped (0.1-0.5 
eV) semiconducting SWNTs to apparently metallic ones. About 0.1 electron charge was 
estimated to be transferred from the carbon nanotube to each oxygen atom, resulting in hole 
carriers and finite conductance10,11. The spectroscopic studies have been conducted on the 
electronic structure of the acid-oxidized8, hydrothermal modified12 and ozonized SWNTs13, but 
not on hydroxyl (-OH) modified SWNT. Hence in this section, OH functionalization was 
conducted on SWNTs to introduce OH group onto its sidewall, and the electronic structure of 
OH-functionalized SWNTs was studied. Various spectroscopic techniques such as Raman 
spectroscopy, Fourier Transform Infrared (FTIR), ultra-violet photoelectron spectroscopy (UPS), 
and x-ray photoelectron spectroscopy (XPS) were used for the investigation. 
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9.1.1. Experimental procedures 
Since a large quantity of SWNT was needed in this experiment, a commercial grade 
SWNT was purchased from Shenzhen Nanoport14. The SWNT was briefly air-annealed at 500oC 
to remove 3% ash content as stated by the manufacture. The SWNT was soaked in 12M 
hydrochloric acid and subsequently annealed at 1000oC under argon protection to remove any 
surface oxides that could be formed due to the acidic purification. These purified SWNTs were 
subsequently ball-milled with potassium hydroxide (KOH). A mixture of SWNTs and KOH 
(mass ratio C:KOH = 1:20 weight ratio) was loaded into an agate capsule containing a milling 
ball. The capsule was set to vibrate violently for 0.5 h in dry air at room temperature. The 
resulting mixture was washed repeatedly with methanol until the KOH was completely removed. 
The morphology of the KOH-milled SWNT was checked with scanning electron microscope 
(SEM, JEOL JSM-6700F). For comparison, pristine SWNT was also ball-milled without KOH 
under identical conditions. The OH-functionalized SWNT was denoted as SWNToh. 
Photoelectron spectroscopy (PES) was carried out on a VG ESCALAB Mk II machine 
under UHV (better than 3 × 10-9 Torr) condition. XPS spectra were obtained using Mg Kα 
(1254.6eV) ionization source. Ultraviolet photoeletron spectroscopy (UPS) spectra were obtained 
using He II (40.8eV), and He I (21.2eV) resonance lines with an applied 10eV bias. A standard 
gold metal (5.1eV of work function) was used as a reference to determine the Fermi edge.  
Optical spectroscopic characterizations were also employed to follow the 
functionalization process. FTIR spectra (Perkin-Elmer 2000 FTIR spectrometer) of the SWNT 
samples were collected using DRIFT method. Renishaw Raman system 1000B at 514.5nm laser 
wavelength was employed to explore structural defects and the presence of functional groups in 
the samples. Solution-phase optical absorption spectra of pristine and –OH functionalized 
SWNTs were collected with an UV-vis-NIR photospectrometer.  
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The optical limiting behavior of –OH functionalized SWNTs was investigated using 7ns 
laser at 532nm 15. Pristine SWNT was sonicated in 1% Triton 100X and SWNToh was dissolved 

































Figure 9.1. SEM images of (a) purified SWNT, (b) milled SWNT without KOH, and (c) 
functionalized SWNToh which was cast from a methanol suspension and bundles of tubes can be 
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9.1.2. Electron microscope analysis.  
Fig 9.1a shows the SEM image of the purified SWNT with a randomly entangled 
morphology. Pristine SWNT was also milled (without KOH) for 0.5 h to check the tubular 
integrity. As can be seen from Fig 9.1b, SWNTs were still observable after 0.5 h of milling 
without KOH. According to N. Pierard et al.7, a 0.5hr milling time is the optimal time to shorten 
SWNT. A methanol suspension of KOH-milled SWNTs was cast onto a Si substrate for SEM 
viewing (see Fig 9.1c). It can always be observed that bundles of SWNT protrude from the side 
of a cluster. Furthermore, the presence of KOH might act as a cushion for the SWNT during the 
milling process. The bundles of KOH-milled SWNT show considerable degree of alignment, in 
contrast to the entangled morphology of pristine SWNT, which can be attributed to the process of 












Figure 9.2. (a) Deconvolved core-level XPS C1s spectrum of SWNToh. Inset: Normalized core-
level C1s spectra of pristine SWNT and SWNToh. (b) The C1s photoelectron energy-loss spectra 
for SWNT (solid line) and SWNToh (dotted line). Energy-loss spectra have been normalized to C 
1s main peak and relocated with the loss energy of the main peaks all being zero. 
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9.1.3. X-ray photoelectron spectroscopy core level analysis 
Chemical species that were introduced onto the nanotubes could be determined from the 
high-resolution XPS spectra. Figure 9.2a shows the XPS C1s spectrum of SWNToh. The 
deconvolved C1s spectrum of SWNToh showed evident shoulders at binding energies 286.2eV 
and 287.5eV which corresponded to C-OH and C=O species respectively (see also Fig 9.2a inset). 
However, the C–OH moieties were much more than the C=O, thus SWNToh is predominantly 
functionalized by the hydroxyl groups. The XPS C1s spectrum of SWNToh gave an estimated 
molar ratio of C: OH = 5: 1. The attachment of multiple –OH groups to the sidewalls of SWNT 









Figure 9.3. (a) FTIR of SWNToh functionalized with hydroxyl groups. (b) UV-vis-NIR spectra 
of pristine SWNT (solid line) and SWNToh (dotted line). (c) Raman scattering spectra of pristine 
SWNT (solid line) and SWNToh (dotted line). Inset: RBM signals of pristine SWNT. The spectra 
have been scaled so that the strongest ω+G peaks have the same intensity to elucidate the upshift 
of ω+G peaks. 
 
 
9.1.4. Optical Spectroscopic characterizations.  
The FTIR spectrum of SWNToh was displayed in Fig 9.3a. A very intense –OH band 
centered at ~3447cm-1, C-O stretching mode at ~1254cm-1 and C=O groups at ~1747cm-1 were 
observed for SWNToh. These observed functional groups were consistent with XPS analysis.  
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The UV-vis-NIR absorption spectra of pristine SWNT and SWNToh were presented in 
Fig 9.3b. Collective van Hove transitions are noted for pristine SWNT and the absorption bands 
at S11~1200nm and S22~800nm are assigned to the first and second van Hove (vH) singularities of 
semiconducting nanotubes respectively, and the M11~650nm band is due to the first vH transition 
in metallic nanotubes. –OH functionalization renders SWNToh better solubility in polar solvents 
such as water, ethanol and DMF, in contrast to pristine SWNT. This is important to the 
application of SWNTs as reinforcers for the fabrication of polymer composites. The solubility of 
SWNToh in water is estimated to be ~2.5mg/ml using a specific extinction coefficient of ε = 2.86 
x 104 cm2/g at 500nm16. However, the UV-vis-NIR absorption spectrum of SWNToh is 
featureless, without any vH absorption bands, and this provide additional evidence for sidewalls 
functionalizaion of SWNT3. This loss of absorption features is a consequence of the conversion 
of significant numbers of sp2-hybridized carbons to sp3-hybridization. This was further elucidated 
by Raman spectroscopy. 
Raman scattering at 514nm excitation laser energy was used to monitor the effects of –
OH functionalization of the SWNT samples.  The radial breathing modes (RBM) and the 
tangential modes (G band) are characteristic Raman peaks of SWNT (see Fig 3c). The RBM 
signals are particularly sensitive to the tube diameters, ν (cm-1) = 224/d + 12 (nm),17 and its 
intensity is selectively enhanced when the photon energy matches a nanotube’s van Hove 
transition. The RBMs of the pristine SWNTs (Shenzhen nanoport) under 514nm (2.41eV) laser 
excitation exhibit two prominent peaks at 237cm-1 and 173cm-1 (see Fig. 9.3c inset). The peaks at 
S33=173cm-1 and M11=237cm-1 were assigned to be semiconducting nanotubes with diameter 
1.39nm and metallic nanotubes with diameter 1.05nm respectively17.  
The D-band (~1300cm-1) is related to the sp3 states of carbon and can be used to elucidate 
the disruption of the aromatic system of π-electrons on the nanotube sidewalls by the attached 
functional groups3,18. It could be seen that the D-band of SWNToh is relatively increased which 
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indicates an increase in disordered structures due to the introduction of multiple –OH groups to 
the wall of SWNToh. This high degree of sidewall functionalization of SWNToh caused 
complete disapperance of the RBM signals. The disappearance of RBM signals had also been 
observed in fluorinated and doped SWNTs1-3,18-20. As shown in Figure 9.3c, the G-band of 
SWNToh was located at 1609 cm-1 and upshifted by +18 cm-1 as compared to that (1591 cm-1) of 
SWNTs.  Similar upshifts ∆ω of the high frequency tangential mode had been reported as a good 
indicator of charge transfer in p-doped (e.g. HSO4-, COOH-, Br2 , O2-doped ) SWNTs19,20.  By 
using a parameter ∆ω/∆f = ~320cm-1 frequency upshift per hole per C-atom for p-doped 











Figure 9.4. (a) UPS He II (40.8eV) valence band spectra of pristine SWNT (solid line) and 
SWNToh (dotted line). (b) UPS He I (21.2eV) secondary electron tail threshold and the Fermi 
level for pristine SWNT (solid line) and SWNToh (dotted line). 
 
 
9.1.5. UPS valence band analysis 
The charge transfer in the functionalized tubes was expected to result from the chemical 
bonding of -OH groups to the tubes, which could be verified by UPS and XPS studies.  In Fig. 
 
National University of Singapore 269
Chapter 9. Functionalization of carbon nanotubes 
9.4a the UPS HeII spectra of pristine SWNT and OH-functionalized SWNToh were displayed. 
For pristine SWNTs (Shenzhen Nanoport), the valence band (VB) spectrum exhibits two bands 
located at binding energies at ~4 and ~9eV, which are the π and σ bonds due to the C2p electrons 
and the measured VB spectrum is consistent with the previous VB study of carbon nanotubes (see 
Chapter 4, page 122). The decay of the 2pπ peak at ~4 eV, and 2pσ at ~9 eV binding energies 
below Ef of the SWNToh were clear. The relative intensity enhancement at 6 eV below Ef was 
also observable in the SWNToh VB spectrum, which might correspond to the O 2p orbital.  These 
indicated that 2pπ as well as the 2pσ orbital of the carbon nanotube were strongly involved in the 
overlapping and bonding with the corresponding molecular orbitals of the OH group. Since the 
oxygen p orbitals were either partially filled (2p) or totally unoccupied (3p), the C-OH bonding 
would result in the charge transfer from C to OH, leaving hole carriers in the valence band of 
functionalized SWNToh.  The XPS C1s energy loss spectra in Fig. 9.2b demonstrated that the 
loss peak corresponding to the 2pπ → 2pπ* transition15, which was centered at  about +6 eV apart 
from the main C1s peak for the pristine SWNTs, was down-shifted by 1 eV due to the OH 
functionalization, while a new loss feature at +8 eV must be related to the unoccupied anti-
bonding molecular orbital mainly contributed from oxygen 3s and 3p hybridized orbitals.  
SWNT’s 2pπ* is ~1-2eV above the Fermi level, as estimated based on the valence band data and 
the C 1s electron energy loss spectrum. According to NIST atomic spectra database the energy 
gap is 9.1 eV between oxygen 2s22p33s and 2s22p4, and 10.7 eV between 2s22p33p and 2s22p4.  If 
O 2p was usually considered to be at 6 eV below the Fermi level, these would position the 
unoccupied 3s and 3p at ~3 and 5 eV above the Fermi level respectively.  By applying molecular 
orbital theory, the bonding of the unoccupied O 3s/3p orbitals with carbon 2pπ and 2pπ* orbitals 
can well explain the decay of the SWNT’s 2pπ peak, the downshift of the 2pπ → 2pπ* energy 
loss peak and the observation of new energy loss feature.  
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As the 2pπ state of the tube was dispersive, extending up to Ef, the C-O bonding must 
have influence in the density of state near Ef.  UPS He I is a suitable tool for this study since the 
photoemission cross section of C 2p is higher at lower photon energies (21.2 eV of He I vs 40.8 
eV of He II).  Figure 9.4b highlights the Fermi edge of the SWNT and SWNToh samples, with 
their Fermi level both coincided at zero binding energy.  Note that the density-of-states near the 
Fermi edge for SWNToh was not as steep as that for SWNTs, indicating the depletion of electron 
density at the top valence band.  This is an evidence of the charge transfer from SWNT’s HOMO 
to the OH group which acts like an electron-acceptor. The charge transfer from the SWNToh top 
valence band to the partially occupied oxygen orbitals would result in the depletion of the top 
valence band for SWNToh.   
In Fig. 9.4b the secondary electron tail threshold of the functionalized SWNToh was 
drastically shifted towards higher binding energy by 1.6 eV, as compared to the pristine SWNT, 
which was an indication of a downshift of vacuum level (with respect to Ef) and thus a significant 
decrease in the work function.  Since the wall of SWNToh was heavily modified with the –OH 
groups, a dipole layer with protons on the surface would be responsible for the marked decrease 
in the work function.  This phenomenon may result in a high contact potential when two different 
types of tubes join together, and may find useful thermal sensing and thermal power applications.   
 
9.1.6. Opitcal limiting (OL) properties of SWNToh 
Highly dispersed or solubilized SWNTs in solvents provide excellent opportunities to 
study their optical properties. Stable solutions of SWNT and SWNToh were prepared with 70% 
transmittance and their nonlinear optical properties towards 532nm 7ns laser pulses were studied 
(see Fig 9.5). A slight improvement of the OL properties of SWNToh was observed. At input 
fluence of less than 0.1 Jcm-2, a plateau of energy transmittance was observed. But when the input 
fluence continued to increase the transmittance decreased; onset of optical limiting behavior. The 
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limiting threshold was defined as the input fluence whereby the transmittance decreased to half of 












Figure 9.5. Optical limiting responses to 7ns, 532nm optical pulses of pristine SWNT (οοο) and 





OH-functionalized SWNTs (SWNToh) were prepared by ball-milling SWNTs with 
KOH. SEM observation reveals that these SWNToh exhibits well-aligned self-assembled 
structures. Detailed spectroscopic characterizations of SWNToh showed that the –OH 
functionalization leads to a charge transfer from C to OH, the depletion of top valence band 
density, the modification of energy band structure, and the significant reduction in the work 
function of SWNToh. The SWNToh dissolves easily in water and exhibits slightly enhanced OL 
properties.  
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9.2. Gravitation-dependent, thermally-induced self-diffraction of octadecylamine 
(ODA) modified carbon nanotube solution 
Introduction 
The dissolution of carbon nanotubes in solvents can be achieved by oxidation, wrapping, 
grafting and surfactant addition. However the preparation of uniform and ordered nanotubes 
assemblies remains a challenge. Somoza et al.21 proposed that finite-size carbon nanotubes can be 
considered as variable-length rigid rods and can act as liquid crystals. In the presence of strong 
van der Waals interaction between the carbon nanotubes, a columnar phase dominates all other 
phases to very high temperatures, which explains the formation of nanotubes ropes at high 
temperature growth. In the absence of strong van der Waals interaction, such as well-dispersed 
carbon nanotubes in low-molecular-weight organic solvents which screen out van der Waals 
interactions, both nematic and smectic phases (i.e. liquid crystalline behaviors) are possible at 
relatively high packing fractions. Indeed, Song et al.22 had observed nematic liquid crystallity of 
modified multi-walled carbon nanotubes. It is known that liquid crystals exhibit a variety of 
nonlinear-optical effects23,24. For example, self diffraction is often observed in nematic liquid 
crystal which is commonly caused by laser-induced molecular reorientation25. Therefore it is of 
great interest to study the nonlinear-optical effects of solubilized carbon nanotubes in organic 
solvents. It is anticipated that such solubilized carbon nanotubes exhibit phenomena similar to 
liquid crystals. In addition, the observed nonlinear-effect can be used to estimate the molecular 
weights of the solubilized CNTs.  
 
9.2.1. Experimental procedures 
The octadecylamine (ODA)-modified multi-walled carbon nanotubes (MWNTs) have an 
average length of a few microns, which were provided by the courtesy of Professor Guo Zhixin 
(Institute of Chemistry, Chinese Academy of Science). Briefly, MWNTs were refluxed in 
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concentrated nitric acid for 24hr. The surface-bound carboxylic acid (–COOH) groups were 
converted into acyl choride (-COCl) groups using thionly chloride at 70oC. The resulting 
MWNTs were mixed with excess ODA at 80oC for 96hr under N2 protection. The remaining 
ODA was extracted with ethanol in a Soxhlet extractor. After 24hr the ethanol was discarded and 
replaced by chloroform to extract the soluble ODA-MWNTs for another 24hr. Since ODA-
MWNTs were not soluble in chloroform, the solvent was removed by rotary evaporator. A 
detailed preparation of ODA-MWNTs is given in ref [26]. Figure 9.6 gives the TEM image and 
Raman spectrum of the ODA-MWNT sample, which has diameters of ~20-30nm and average 
length of about 1µm. The Raman spectrum of ODA-MWNT has a broad D-band which is a good 
indication of functionalization. 
A continuous-wave laser beam from a double-frequency Nd:YAG (532nm) and 
Ti:Sapphire (780nm) laser were used in these experiments. The ODA-MWNTs were dissolved in 
toluene with concentrations between 0.02 to 0.08mg/ml. The CNT solution was placed in a 1mm 
quartz cell. The laser beam was focused onto the ODA-MWNT solution and the experiment was 
conducted at 295K. On the basis of Figure 9.6, the quartz cell was placed either horizontally flat 
(setup I) or vertically upright (setup II). The CNT solution exhibits a gravitational dependent 
characteristic in experimental setup II.  
A theoretical modeling of CNT solution was proposed to explain the self-diffraction 
behavior. The model simulations are credited to Professor Ji Wei (Physics department, National 
University of Singapore) and the detail of the work has been presented in ref [27]. I have adopted 
the model simulations in this section to explain the self-diffraction of CNT solution. The crux of 
the simulation rely on finding mathematical expressions for the temperature rise ∆T due to laser 
heating and the electric field E(ρ) of the transmitted laser beam (Huygens principle). Hence I will 
only cite the final mathematical expressions for ∆T and E(ρ) in this section.  
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Figure 9.6. (a) Raman spectrum and (b) TEM images of ODA-MWNT sample. 
 
 
9.2.2. Gravitational dependent, thermally-induced self-diffraction 
Setup I – CNT solution in a horizontal position 
For experimental setup I, a spatial traverse variation of the transmitted irradiance at far-
field was observed when the laser beam was normal incident onto the CNT solution. As shown in 
the left panel of Figure 9.7, at a low laser power (< 4mW), nearly Gaussian spatial profiles were 
observed. As the incident laser power was increased, the profile developed a diffraction pattern 
with concentric rings.  Figure 9.7(c) and Fig. 9.7(e) show the diffraction pictures taken at 532nm 
and 780nm lasers, respectively, with 100mW power. This phenomenon is reminiscent of the self-
diffraction due to thermal lensing of liquid crystals25. Likewise the observed diffraction pattern of 
CNT solution is attributed to thermally-induced self-diffraction (or self-defocusing) whereby the 
solublized MWNTs absorbed and dissipated the laser heat energy to toluene and gave rise to a 
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Figure 9.7. Gravitation-dependant, thermally-induced self-diffraction in carbon nanotubes 
solutions. (a) and (b) Schematic diagrams of two experimental set-ups. (c) and (d) Diffraction 
patterns recorded at 532nm with the set-ups shown in (a) and (b) respectively. (e) and (f) 
Diffraction patterns observed at 780nm with setups shown in (a) and (b) respectively. The input 
laser power used were ~100mW.  
 
 
Setup I – numerical simulation 
A theoretical model has been proposed to describe the thermally-induced self-diffraction 
pattern of CNT solution. The temperature rise, ∆T, is determined by the heat flow equation under 
steady-state condition: 
 
                                                                                                                                                     [9.1] 
 
where P is the input laser power, ρ is the radial distance from the center of symmetry, αo is the 
absorption coefficient of the CNT solution, k is the thermal conductivity, ω is the laser beam 
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Figure 9.8. Far-field distribution of the transmitted irradiance measured at 780nm at different 
laser powers. The transmittance of the CNT solution is 85.2%. The half angle is defined as the 
ratio of the x’-coordinate on the observation screen to the distance of the z. The opened symbols 
denote experimental data. The results of left and right panels correspond to experimental setup I 
and II respectively. The solid lines of the left and right panels are the numerical simulations using 
Eqs [9.1 & 9.2] and Eqs [9.3 & 9.4] respectively.  
 
 
The electric field of the transmitted beam can be calculated by the Huygens principle 
under cylindrical symmetry: 
 
                                                                                                                                                     [9.2] 
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where ρ’ is the radial distance on the observation screen which is at a distance of z from the focal 
point, E(0) is the field at ρ’=0 and Jo(x) is the zeroth-order Bessel function. The irradiance 
distribution can be numerically simulated using Eqs [9.1] and [9.2].  
The numerical simulation fits the experimental data well if k=0.18Wm-1K-1, which is 
slightly larger than the thermal conductivity of toluene (0.15Wm-1K-1). The larger k value is 
attributed to the excellent thermal conductivity of carbon nanotubes. The Z-scan measurement 
(inset of Figure 9.8, left panel) showed a negative sign for nonlinear refraction, which was 
consistent with the thermo-optical property of solvent. Figure 9.9 also showed the linear 
dependence of the diffraction pattern with the CNT solution concentration, and no diffraction was 















Figure 9.9. Far-field distribution of the transmitted irradiance recorded at 780nm and in incident 
power of 9mW with different CNT solution concentrations. The opened symbols denote 
experimental data and the solid lines are the numerical simulations using Eqs [9.1 & 9.2]. 
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Setup II – CNT solution in a vertical position 
When the ODA-MWNT solution was placed in a vertical position and the laser beam 
transverses across the sample in the horizontal direction, the observed diffraction rings were 
compressed in the upper half and stretched in the lower half of the rings (see Fig 9.7d, f). The 
non-symmetrical diffraction patterns of the ODA-MWNT solution in setup II is also displayed in 
right panel of Figure 9.8. MWNTs can be regarded as “supermolecules” with tens of million of 
carbon atoms in each nanotubes, and gravitational effect is not negligible. On the other hand, 
gravitational effect is negligible when the CNT solution lies horizontally and there is no variation 
in the nanotubes concentration along the laser transverse directions.  
 
Setup II – numerical simulation 
The numerical simulation of ODA-MWNT solution in setup II includes the influence of 
gravity. It is assumed that the solubilized MWNTs behave as Brownian particles and obey 
Maxwell-Boltzmann distribution of ideal gas molecules. The concentration of the CNT is 
postulated to vary exponentially on the vertical height as describe by Boltzmann distribution law,                                   
                                   , where Mtube is the nanotubes mass, g is the gravitational constant, 
kB is the boltzmann constant, No is the CNT concentration at x=0, and x denotes the vertical 
distance from the center of symmetry for the laser beam.   
( )TNN Bo −= kgxM tubeexp
Using First-order approximation for small temperature rise (∆T < 5K) or low laser power 
of a few mW, the expression for ∆T has the following form: 
 
                                                      [9.3] 
 
with                                  and                                 . 
 And the Huygens principle for setup II is as followed: 
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where x’ and y’ are the Cartesian coordinates on the observation screen. 
 To further simplify the numerical simulation of the transmitted beam along the x’-axis, 
the mass distribution of CNTs is very narrow and the mass of CNT can be represented as a single 
average mass Mtube. All the parameters of Eqs [9.3] and [9.4] are known constants or measurable 
values except for Mtube, which has been varied to give the best fit to the experimental data. As 
shown in the right panel of Figure 9.7, a good simulation fit is obtained for Mtube = 8×10-15g for 
input laser power <10mW. However the numerical simulation deviates significantly from the 
experimental data at higher laser power (>10mW), and this is expected because the First-order 
approximation for small temperature rise becomes invalid due to higher temperature rise.  
 
9.2.3. Conclusions 
Solubilized MWNTs exhibit thermally-induced self-diffraction phenomenon which is 
similar to liquid crystals. Due to the heavy molecular weight of MWNT, the observed self-
diffraction is influenced by gravitational effect. The solubilized MWNTs are modeled to 
distribute itself exponentially along the vertical height. For small temperature rise approximation 
and narrow mass distribution, the model gives good agreement with experimental observation at 
low laser powers. This gravitation-dependent characteristic might be applicable to study other 
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Chapter 10. Conclusions and future work 
Experimental and theoretical studies of modified carbon nanotubes have been conducted 
in this thesis. A DFT study of ultrasmall 4Å SWNTs shows that the structural, electronic, and 
optical properties deviate from the predictions of Tight-binding theory, which ignores curvature 
effects and σ-π hybridizations. The presence of Stone-Wales defects significantly alter the 
electronic density of states of ultrasmall 4Å SWNTs. The Stone-Wales defects were characterized 
by simulating its STM images under different bias polarity. 
A comprehensive first-principles study of nitrogenated SWNTs was performed. The 
effects of different types of nitrogenation have been elucidated from the band structures, density 
of states (DOS), and molecular orbital. Our calculations indicate that the substitutional 
nitrogenation, -NH2 functionalization as well as chemisorption will convert semiconducting 
nanotubes into metallic, while pyridine-like nitrogenation narrow the band gap. For metallic (5,5) 
nanotubes the N-doping is shown to significantly enhance the state density at the vicinity of 
Fermi level.  Covalent sidewall -NH2 functionalization is as effective as direct substitutional 
doping in lowering the ionization potential values, which are beneficial for field emission.  Spin 
polarization calculations shows that the magnetic moment of chemisorbed N adatom ranges from 
0.5-0.7µB. The structural relaxation of SWNTs with two chemisorbed N adatoms in certain 
“perpendicular” configurations may result in the formation of N-N bond, mainly due to the 
breaking or elongating of the bridged C-C bonds. The coalescence of two neighboring N adatoms 
into a N2 molecule needs to overcome an energy barrier in the range between 0.9 and 3.4eV, 
depending on the N-chemisorption configuration and tubular diameter. 
A first-principles study of single-walled carbon nanotubes with bamboo-shape (BS) and 
pentagon-pentagon fusion defects was conducted. Sharp resonances occur on the BS-nanotubes as 
strong DOS localized at carbon atoms adjacent to the partitions, while at the partition the 
localized DOS was greatly depleted. The study of a (5,5) nanotube with pentagon-pentagon 
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fusion ring shows that the resonant states is attributed to the pentagon defects. The high chemical 
reactivity of the BS-nanotubes is correlated to the presence of localized resonant states. 
A molecular mechanics and Monte Carlo simulations have been performed to study H2 
physisorption of SWNTs. Static calculations show that the adsorption energy is much higher 
(lower) for a H2 physisorbed on the inside (outside) a (5,5) nanotube. Assembly of SWNTs in 
bundle array gives rise to addition stronger adsorption sites such as groove (~118meV) and 
interstitial channels (~170meV). Monte Carlo simulations estimated that the H2 uptakes of SWNT 
bundles are very diluted (~0.5w% for (5,5) and (10,10) tubes) at 300K and the amount of H2 
stored can be enhanced to ~1-2wt% at low temperature of 80K. The H2 density field of SWNT 
bundles reveals that the interstitial channel spacing must be at least ~5Å so that H2 molecules can 
be intercalated in it.  
Single-walled and multi-walled carbon nanotubes have been synthesized using a CVD 
method. Important spectroscopic techniques such as Raman and XPS-UPS have been employed 
to study its electronic property. Highly nitrogen-doped (~12at%) multi-walled carbon nanotube 
has been synthesized and characterized using synchrotron light source. The work function of N-
doped carbon nanotubes is reduced by 0.5eV, the enhancement of electron density near the top of 
valence band, the rise of the valence band π peak and the decay of the valence band σ peak are all 
related to the N-substitution to the carbon network. The richer density of π-electrons in N-doped 
nanotube endows it with larger third-order susceptibility and better ultrafast saturable absorption. 
The development of on-board H2 storage via solid porous adsorbents is still a grand 
challenge. Nanomaterials hold a better promise to address the H2 energy challenge, as evident by 
the comparative study of TiO2 nanotube and BN nanotube, and its bulk form. Thus it is worthy to 
screen as many as possible candidates for H2 storage, though the process can be time-consuming. 
Nonetheless theoretical considerations help to narrow down the search as follow: (i) Ti-doping of 
CNT, (ii) increasing the interlayer spacing of nanotubes via chemical intercalation, so that H2 
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molecules can be sandwiched between the layers. (iii) creation of defects. In other words, surface 
and pore modifications of carbon nanotubes are crucial to improve its H2 storage.  
Nanoparticle-CNT hybrid possesses interesting electrochemical properties, which can be 
applied as biosensors. The nanoparticles serve as anchoring points for bio-molecules, while CNTs 
act as the transducing platform.  A glucose biosensor and a genosensor based on MWNT-




1. To apply theoretical methods as high-throughput screening of potential H2 storage 
materials. Suppose a particular class of materials is deemed potential candidates of H2 
storage, and then in-depth theoretical calculations can be conducted to study its 
properties.  
2. The synthesis of vertically aligned and nitrogen-doped single-walled carbon nanotubes 
has yet to be developed fully. The keys to obtained N-doped SWNT via a CVD process 
are to parameterize the catalyst Co/Mo ratio, and using diluted CH3CN flow rate. It is 
also worthy to explore other volatile nitrogen-containing precursors and other 
combination of catalysts such as iron and titanium, whereby solubility of nitrogen is high 
in these catalysts. 
3. The study of H2 uptake and preparation of alkali-doped or alkali-solvated and shortened 
SWNTs would be interesting candidates.  
4. To investigate the conditions for co-electrodeposition of metals, such as gold, silver and 
platinum, and enzymes onto a CNT thin film. 
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